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Abstract 
 
 To keep pace with large scale sequencing projects that are filling 
sequence databases with misannotated sequences, a new method of functional 
annotation is necessary.  The new method is called “genomic enzymology” and 
utilizes bioinformatics, molecular docking, microbiology, and enzymology.  For a 
superfamily to benefit from this new strategy there must exist a set of solved 
functions and crystal structures.   
 D-Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) 
catalyzes the carboxylation of D-ribulose 1,5-bisphosphate to yield two molecules 
of 3-phosphoglycerate.  Currently, there are four forms of RuBisCO, three of 
which catalyze the canonical carboxylation reaction.  Form IV RuBisCOs (also 
known as RuBisCO-like proteins (RLPs)) do not catalyze the carboxylation 
reaction and are of interest because they can provide a wealth of information on 
structure/function relationships of the superfamily. The work here focuses on 
identification of novel functions as well as determination of promiscuity in the 
(RuBisCO) superfamily. 
 To identify novel functions, novel sequences were targeted for cloning, 
purification, and assaying.  This approach was used on sequences in the family 
homologous to R. rubrum RLP that has a published function of 5-methylthio-D-
ribulose 1-phosphate 1,3-isomerase.  Efforts to isolate usable RLP failed, but 
collaborators at AECOM were able to purify functional enzyme of a downstream 
cupin that was then mechanistically characterized.  The function of the cupin also 
provided evidence for the physiological context of the R. rubrum RLP. 
 The investigation of promiscuity in the RuBisCO superfamily stems from 
previous research showing that an authentic RuBisCO can complement an RLP 
knockout.  If an authentic RuBisCO were able to catalyze RLPs reactions, this 
would be an important element for determining the origin of RuBisCO and for 
determining the structure/function relationship.  Both in vitro and in vivo analysis, 
showed no promiscuity in the authentic RuBisCO for RLP reactions. 
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1. INTRODUCTION 
The following chapter outlines the challenges of functional annotation in 
the genomic era.  First, Section 1.1. is a brief history of the genomic sequencing 
and introduces the goal of functional annotation: gaining knowledge/utility from 
available sequences.  Next, I review the problems associated with functional 
annotation and identify genomic enzymology as the universal tool for future 
discoveries.  In the later chapters, I employ genomic enzymology to investigate 
the RuBisCO-like proteins of the RuBisCO superfamily.  Section 1.2. provides an 
in-depth analysis of the RuBisCO superfamily including: function, mechanism, 
and the different forms. 
 
1.1. State of Functional Discovery 
1.1.1. The Birth of the Genomic Era 
In 1986, the genomic era was put into motion by the during a conference 
in Santa Fe focused on sequencing the human genome (1).  Participants 
discussed not only the feasibility of sequencing the human genome, but also the 
usefulness and ethics.  Now, I know it is fairly easy to sequence a genome, but I 
are still haunted by ethical issues, such as: patent rights to naturally occurring 
sequences, genomic data privacy, and sequencing of pathogens from which 
biological weapons can be created.  As scientists, we cannot definitively answer 
the questions of ethics, but we can address the question of usefulness.   
 The usefulness of knowing the sequence of the human genome comes 
from knowing the function of the gene products.  Only when the function of a 
gene product is known can therapeutics, catalysts, and inhibitors be created.  
When the Human Genome Project was completed in 2001 (4, 5), sequence 
databases were beginning to swell as seen in the increase of sequence data 
contained in the TrEMBL database (Figure 1.1).  The collection of sequences in 
the public databases finally gave an idea of the diversity between alleles, 
between species, and within populations.  Scientific research seemed to be on 
the precipice of changing society with a host of new discoveries. 
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1.1.2. Problem of Functional Discovery in the Genomic Era 
 The publishing of the Human Genome Project hinted that science had 
finally found the key to solving all medical problems, but time would tell 
otherwise.  At the ten year anniversary, Aled Edwards et al. (2) presented 
bibliometric evidence that knowing the human genome sequence and function 
did not change the pattern of publication for three different protein families known 
to be associated with disease: kinases, ion channels, and nuclear receptors.   
Figure 1.2 (from Edwards et al. ) shows that over a 59 year period, 50 or 
so kinases have been heavily studied while the other 450, that have phenotypes 
associated with disease, have hardly been studied at all.  What is interesting is 
that the pattern of publication after the publishing of the Human Genome Project 
does not change from the pattern before it. The authors attribute this to several 
factors, but the most interesting is the lack of tools to study novel enzymes.  They 
suggest that what is limiting our discovery of new medicines and treatments is 
not lack of information but lack of reliable high-throughput methodology.  The 
points made are not limited to research progress derived from the sequencing of 
 
Figure 1.1 Statistics on the UniProtKB/TrEMBL sequence database  
(http://www.ebi.ac.uk/uniprot/TrEMBLstats/). 
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the human genome; it is true of all the genomic sequences currently in the 
databases.  
 
1.1.3. Problems with Sequence Annotation 
 Knowing the sequence of an organism’s genome does not inform us 
entirely about its biology.  This is akin to knowing how to spell all the words 
contained in the book Last of the Mohicans but not knowing how all those words 
fit together to tell a story about pioneers, freedom, and revenge.  Most genes in 
the automatically annotated sequence databases have annotations that are 
derived from assigning function by comparison to a homologous sequence rather 
than from direct experimental evidence. This kind of sequence annotation has 
serious issues for researchers. 
Babbitt et al. conducted an investigation of error in functional annotation 
for sequences in several databases (6).  They downloaded the contents of four 
databases (KEGG, NR, Swissprot, and TrEMBL), then selected targets by 
 
Figure 1.2 Graph showing the number of publications on human kinases over a 59 year 
period.  Reprinted with permission from Macmillian Partners Ltd.  for Edwards, A. M. et al. (2) 
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performing a keyword search unique for each of the six gold standard enzyme 
superfamilies (enolase, haloacid dehalogenase, vicinal oxygen chelate, 
amidohydrolase, crotonase, and terpene cyclase).  Misannotation was 
determined by utilizing the considerable information available for each of the gold 
standard superfamilies.  Their results showed that for all superfamilies there was 
significant misannotation in the automatically annotated databases (NR, KEGG, 
and TrEMBL) but not in the Swissprot because it is manually curated.  The level 
of misannotation in the automatically annotated databases varied considerably 
within the superfamilies and was consistent across databases.  Specifically in the 
automatically annotated databases, they found that for the enolase superfamily 
sequences were 25% likely to be misannotated, whereas for the haloacid 
dehalogenase superfamily that number shot up to 60%.  If the work of Babbitt et 
al. was extrapolated to all the automatically annotated sequence databases, then 
those databases are so full of misannotation that they are useless outside of the 
sequences that they store.  
 Another issue, although less of an issue with databases and more of an 
issue of transition into a digital age, is that one needs to connect functions 
determined prior to the genomic era with sequences so that the databases 
accurately reflect the true number of functions contained in the literature.  Until 
very recently, all research involved enzymatic activities or mutant phenotypes 
and very little sequence information.  For example: Naumoff et al. were able to 
annotate 7 sequences as putrescine carbamoyltransferases utilizing previously 
published research and bioinformatics (7).   
Naumoff et al. found a group of enzymes annotated as ornithine 
carbamoyltransferases that displayed no ornithine carbamoyltransferase activity 
(Figure 1.3A).  A literature search revealed that a putrescine 
carbamoyltransferase was previously discovered in Enterococcus (formerly 
Streptococcus) faecalis; due to the similarity of these sequences, they tested the 
misannotated enzymes with putrescine and found activity as previously reported 
(Figure 1.3B).  An unambiguous annotation was made because, in 1989, the 
protein from E. faecalis was partially sequenced and mapped exactly to the 
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sequence under investigation from the misannotated group.  Such manual 
curation of genomic information is required on a larger scale if we are to 
capitalize on the vast amount of experimental results already available. 
 
1.1.4. Generating New Biological Information versus Generating New Data 
Technically, it is very easy to generate a large volume of sequence data, 
because there are fewer steps between start and finish.  One starts with an 
isolated organism, grows it, and then harvests the genomic DNA that is then 
sequenced and assembled.  To identify a function in an enzyme, an investigation 
employs a variety of experimental techniques and utilizes the results of previous 
experiments.  The experimental approach is laborious and time intensive, but 
yields the most useful data. 
For example, the Wackett group started with a question about atrazine 
degradation by Pseudomonas sp strain ADP with the clues that the purified strain 
could degrade the molecule (8) and a particular gene region was associated with 
atrazine degradation (9).  The atrazine chlorohydrolase (AtzA) was isolated, 
purified, and the conversion of atrazine to hydroxyatrazine was confirmed by MS 
and HPLC (10).  AtzA is a member of the amidohydrolase superfamily with a 
(β/α)8 barrel (11) and an essential Fe (II) (12). To further understand the biology 
of atrazine degradation, Wackett et al. eventually identified the entire pathway 
 
Figure 1.3 A) The reaction catalyzed by L-ornithine carbamoyltransferase.  B) The reaction 
catalyzed by the re-discovered putrescine carbamoyltransferase. 
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that degrades atrazine to ammonia and carbon dioxide through several 
publications and years of research (Figure 1.4) (11, 13, 14). 
 
The difference between Wackett’s work and sequencing DNA, besides the 
obvious technical details, is that the former was hypothesis driven whereas the 
latter is merely generating data.  Hypothesis driven work generates data and an 
interpretation of that data to explain some phenomena, such as Wackett’s group 
did to explain the ability of Pseudomonas to degrade atrazine. Notice that the 
research started in 1995 with isolation of a Pseudomonas strain that could 
degrade atrazine (8) and the paper closing the pathway came out in 2001 (13) for 
a total of six years to identify six functions.  Sequencing DNA alone does not 
enhance my knowledge.  Knowledge must be pried from nature using 
experimentation as the Wackett group has done for the atrazine degradation 
pathway. 
1.1.5. Utilizing Sequence Databases to Systematically Cover Function Space 
Although sequence databases are fraught with misannotation and there is 
the continual problem of misannotation propagation, they can still be used to 
 
Figure 1.4 Atrazine degradation pathway. 
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build phylogenetic trees and sequence similarity networks that can provide many 
clues to enzymatic function.  The biggest clue may be whether the sequence of 
interest is part of an enzyme superfamily, be it mechanistically diverse or 
specificity diverse. 
A mechanistically diverse enzyme superfamily (15) is “a group of 
homologous enzymes that catalyze different overall reactions that share a 
common mechanistic attribute (partial reaction, intermediate, or transition state) 
enabled by conserved active site residues that perform the same functions in all 
members of the superfamily.”  Major mechanistically diverse enzyme 
superfamilies such as the enolase superfamily provide a framework for studying 
enzymes at the superfamily level.  If a sequence was annotated as a member of 
the enolase superfamily, I would know: which residues are important for catalysis 
and metal binding, the common partial reaction, and an idea of function and 
substrate.  This superfamily is divided into subfamilies based on catalytic 
residues, such as mandelate racemase, o-succinylbenzoate synthase, or L-
Ala/L-Glu epimerase which can give more insight into possible functions and 
substrates (16). 
A specificity diverse enzyme superfamily (15) is a “group of homologous 
enzymes that catalyze the same chemical reaction with differing substrate 
specificities.”  An example of this group would be the thiolase superfamily.  
Members of the thiolase superfamily all catalyze the formation of a carbon-
carbon bond through a Claisen condensation (Figure 1.5) (3, 17).  If a sequence 
was annotated as a member of the thiolase superfamily, one would know that an 
active site cysteine is modified with an acyl group that is subsequently activated 
by decarboxylation or abstraction of a proton for the Claisen condensation of the 
acyl acceptor. 
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By thinking on the superfamily level, pre-existing functional data can be 
leveraged to gather clues on sequences in the databases.  Not only are we given 
clues about function, we can identify genes of high percent identity that code for 
enzymes that catalyze the same reaction as known enzymes.  This can eliminate 
huge numbers of sequences that need to be experimentally verified.  The 
technique of thinking on the superfamily level to link sequence to structure to 
function has been suggested by Gerlt and Babbitt which they have called 
“genomic enzymology” (15). 
Even with the ability to scour databases and isolate truly novel sequences 
with new functions, I run into issues of high similarity between sequences that 
conceal a novel function. An example comes from the investigation of the 
atrazine degradation pathway. Previously, it was shown that s-triazines such as 
melamine and cyanuric acid could be nitrogen sources for Pseudomonas (18).  
Seffernick et al. were able to isolate and clone the gene that coded for a 
melamine deaminase that catalyzes the conversion of melamine to ammeline 
(Figure 1.6) (19).  Their research found that the melamine deaminase was 99% 
identical to AtzA from the atrazine degradation pathway.  The difference between 
 
Figure 1.5 Basic mechanism of all thiolase superfamily members. Adapted from Haapalainen, 
A.M. (3). 
 
 
Figure 1.6 The reaction catalyzed by melamine deaminase, an enzyme that has 99% 
sequence identity with AtzA. 
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the two protein sequences is only nine residues but when the two enzymes were 
assayed with both substrates, there was no overlap in activity.  While such 
examples are rare, I must always be aware of this possibility. 
 
1.1.6. Genomic Enzymology as the Universal Tool for Function Determination 
 Genomic enzymology is the very tool that is needed to identify new 
functions en masse so that the promises of the genomic era can be actualized.  
Given a group of sequences of unknown function and my current state of 
knowledge, I should be able to localize most to enzyme superfamilies and to 
preliminary functional predictions.  This is possible because members of an 
enzyme superfamily are evolutionarily and structurally related. 
 The evolution of enzyme superfamilies starts with gene duplication in a 
genome.  The duplicated gene may have a promiscuous function that is selected 
by the environment and while the original copy retains the original function.  Over 
time the promiscuous function becomes optimized and can also be duplicated.  
Although these duplicated genes will have their sequences changed as they 
become optimized for their functions, they will maintain the three dimensional 
structure of the progenitor enzyme.  An enzyme superfamily is the collection of 
these evolutionarily-related, structurally homologous enzymes. 
The best example of an enzyme superfamily is also the first: the enolase 
superfamily.  In 1990, Neidhart et al. (20) discovered that mandelate racemase 
(MR) and muconate-lactonizing enzyme (MLE) have very similar x-ray crystal 
structures suggesting divergent evolution from a common progenitor.  When a 
high resolution crystal structure of Saccharomyces cereviseae enolase was 
published, it was very similar as that of mandelate racemase and muconate-
lactonizing enzyme (21) (Figure 1.7): (β/α)7β barrel.  
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Close examination of the active sites (Figure 1.8) revealed that all three 
Asp195
Asp198
Asp246
Glu221
Glu224
Glu295
Glu247
Asp249
Asp320
Asp270
Lys273
Lys345
His297
Glu317
Glu327
Glu211
Lys166
Lys169
Lys164
Lys167
 
Figure 1.8 Superposition of mandelate racemase, muconate-lactonizing enzyme, and enolase 
active sites.  MR (green, 1MNR), MLE (pink, 1MUC), and enolase (orange, 1EBH) are 
superposed to show similiarity between the active site residue composition. Residue labels 
are in the following order: MR, MLE, and enolase. Adapted from Babbitt et al.  (23) 
  
Figure 1.7 Comparison of crystal structures of mandelate racemase (maroon, PDB ID: 2MNR), 
muconate-lactonizing enzyme (orange, PDB ID: 1BKH), and enolase (green, PBD ID: 1EBH).  The 
left shows the (β/α)8 barrel and the right shows the characteristic capping domain.  Adapted from 
Babbitt et al.  1996 (23). 
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have the corresponding residues for coordinating the essential divalent metal 
(Mg2+ for enolase and MR, Mn2+ for MLE): MR Asp195, Glu221, and Glu247; 
MLE Asp198, Glu224, Asp249 (22, 23); and enolase Asp246, Glu295, and 
Asp320 (24).  Major differences appear when the residues associated with 
chemistry are examined. 
 
In MR, abstraction of the α-proton of S-mandelate is catalyzed by Lys166, 
whereas His297, as part of a His-Asp dyad with Asp270, catalyzes abstraction of 
the α-proton of R-mandelate (25) (Figure 1.9A).  Lys164 acts as an electrophilic 
catalyst to neutralize the negative charge of the carboxylate of the substrate.  To 
complete racemization, Glu317 donates a proton to form the product isomer. 
 
Figure 1.9 The reactions catalyzed by A) mandelate racemase, B) muconate-lactonizing 
enzyme, and C) enolase.  The α-proton of the carboxylic acid is highlighted in red.  The center 
structure of each reaction shows the conserved enolate intermediate of the enolase superfamily. 
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The mechanism of MLE begins with abstraction of the α-proton of 
muconolactone (Figure 1.9B) by either Lys169 or Lys273.  As in the MR 
subgroup, the carboxylate of the substrate is stabilized by the other Lys of the 
KxK motif.  The residue in MLE that is homologous to MR Glu317 (Glu327) 
donates a proton to form muconolactone in the reverse reaction. 
The enolase active site residues differ considerable from both MR and 
MLE.  Abstraction of the α-proton is catalyzed by Lys345, which is homologous to  
MLE Lys273, to generate the enolate intermediate (Figure 1.9C).  After the 
enolate intermediate is formed, Glu211 donates a proton for the departing 
hydroxide to form water. 
These enzymes all evolved from a progenitor that had the (β/α)7β barrel 
structure, but a different activity.  As the enzymes evolved, they retained the  
tertiary structure from the progenitor and optimized active site residues and loops 
to better catalyze their respective reactions.  All of this indicates that enzymes 
within superfamilies do not change overall protein structure, but rather makes 
use of the progenitor active-site structure to explore reaction space.  Enolase 
superfamily members do this by categorically forming an enolate intermediate 
through abstraction of a proton alpha to a carboxylate group and through 
augmentation of loops at the end of the β-strands and capping domain. 
 
1.1.7. Current Efforts at Large Scale Functional Annotation 
The ultimate goal is to be able to take any unknown enzyme and identify a 
closely related enzyme that has been functionally and mechanistically 
characterized, so that one has the exact function prior to conducting any 
experiments.  The next best thing would be to localize the unknown enzyme to a 
superfamily for which several enzymes have been functionally and 
mechanistically characterized, so that one has clues as to the function.  A major 
goal of functional annotation is to cover reaction space, so that any novel 
sequence checked will be matched with a superfamily that has been functionally 
characterized. 
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The Enzyme Function Initiative utilizes bioinformatics, enzymology, 
microbiology, and computation to target sequences and determine function.  To 
accomplish this goal, it is necessary to accumulate functional and mechanistic 
data from as many superfamilies as possible and preferably several subgroups 
within each.  Current efforts are underway to do exactly this while building-up 
knowledge in the following superfamilies (26): enolase, haloacid dehalogenase, 
amidohydrolase, isoprenoid synthase, and glutathione transferase superfamilies.    
Long term goals are to identify sequence/structure/function relationships for each 
superfamily so that unknown sequences can be quickly and correctly annotated. 
These efforts will greatly improve the infrastructure for large scale 
functional assignment that is necessary to keep pace with genome sequencing 
projects, but superfamilies with few known functions or structures will have to be 
investigated on a smaller scale until they get enough attention to be examined in 
such projects.  Also, superfamilies that are not known to be functionally diverse 
will have to be investigated to identify novel functions and mechanisms that can 
later be the foundation for large scale functional annotation.  The original 
research presented here focuses on functional discovery in the D-ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) superfamily, which previously 
was thought to be an isofunctional superfamily.  Recent evidence has shown that 
the RuBisCO superfamily is a multifunctional superfamily with subgroups waiting 
to be explored. 
 
1.2. The D-Ribulose 1,5-Bisphosphate Carboxylase/Oxygenase (RuBisCO) 
Superfamily 
1.2.1. History of RuBisCO 
 For many years, it was known that carbon dioxide is reduced to 
carbohydrates by plants for carbon assimilation and that this reaction is light 
sensitive (27).  Although, it was not until the discovery of radioactive carbon-14 
(28) that significant investigation of the pathway could be undertaken.  Calvin and 
co-workers used 14C-carbon dioxide experiments to identify the intermediates in 
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the pathway that would later be called the Calvin-Benson-Bassham or reductive 
pentose phosphate pathway.  In 1948, the first compound they identified was 3-
phosphoglycerate (3-PG) and, in 1955, the last compound they discovered was 
the carbon dioxide acceptor, D-ribulose-1,5-bisphosphate (RuBP) (29).  After this 
seminal research, the investigators were still unable to identify the mechanism or 
to find the enzyme that was responsible for fixing carbon dioxide to RuBP. 
 In 1952, it was known that the cytoplasmic proteins of leaves made up 
30% of the protein content in spinach and tobacco leaves (30).  Researchers 
found that 50% of that mass was one protein, which they called “fraction I 
protein.”  They did not have a function for the protein that was 18S and about 600 
kDa.  It was startling to them that so much biomass was all one protein and had 
never been described previously. 
 The function of fraction I protein was finally determined by Weissbach et 
al. (31) in 1956 after much research had shown that RuBP and atmospheric 
carbon dioxide was converted to 3-PG.  Weissbach and co-workers were able to 
show that in the presence of fraction I protein RuBP and carbon dioxide were 
converted to two molecules of 3-PG. 
 Another revelation about RuBisCO came in 1971, when Bowes et al. at 
the University of Illinois, Urbana-Champaign discovered that RuBisCO can use 
molecular oxygen to generate 2-phosphoglycolate (32).  This research was 
further supported by Tolbert et al. where they showed that oxygenase activity 
was inseparable from carboxylase activity and produced one molecule of 3-PG 
and one molecule of 2-phosphoglycolate (33-36). 
 In 1975, the quaternary structure of active RuBisCO from tobacco was 
discovered to be a heterodimer of eight large subunits and eight small subunits.  
The large subunit had a molecular weight of 50-60 kDa, and the small subunit 
had a molecular weight of 12-20 kDa, for a total mass of about 600 kDa (37). 
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1.2.2. The importance of RuBisCO 
 RuBisCO is an extremely important enzyme ecologically, agriculturally, 
and industrially.  Most terrestrial carbon has been through the active site of this 
enzyme (38).  It is estimated that as much as 104.9 petagrams of carbon are 
incorporated into biomass through photosynthesis every year (39). The action of 
RuBisCO as part of the Calvin-Benson-Bassham pathway is not responsible for 
all carbon fixation as recent research has revealed that there are six total carbon 
fixation pathways in bacteria (40).  If the total carbon assimilated was split evenly 
among the six pathways, then approximately 17 petagrams of carbon moves 
through the active site of RuBisCO annually.  To illustrate the enormity of that 
number, were all that carbon compressed into a single diamond, it would be a 
cube with each edge length being 1 mile. 
If future research was to show that RuBisCO is not the primary mode of 
carbon assimilation in the global carbon cycle, it would still be an agriculturally 
and industrially important enzyme, because all terrestrial crops utilize RuBisCO 
for carbon assimilation.  Attempts at improving RuBisCO’s carboxylase activity, 
thus increasing carbon assimilation, have not yet been successful.  For 
agriculture, it is easy to understand why increasing the rate of carbon 
assimilation is important; plants growing faster means food produced faster. For 
industry, increased growth rate would mean an increase in the production of 
timber for construction, cellulosic matter for biofuels, and plant based fibers for 
clothing. 
 It was assumed that increasing the efficiency of the carboxylase reaction 
of RuBisCO could counteract the rise in atmospheric CO2 that can lead to a 
global temperature increase.  Research suggests that the RuBisCO enzyme 
could endure the rise in temperature due to greenhouse gases, but the required 
enzyme RuBisCO activase that catalyzes the removal of RuBP from inactive 
RuBisCO complexes (41, 42) is very heat labile and would be degraded in higher 
temperatures (43).  This shows that engineering RuBisCO to better fix CO2 will 
not solve the problem of climate change. 
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1.2.3. Mechanism of RuBisCO 
1.2.3.1. Carboxylation of RuBP 
 RuBisCO catalyzes the conversion of one molecule of RuBP to two 
molecules of 3-PG (Figure 1.10).  When RuBP is bound in the active site it 
displaces two water molecules and the carbonyl of C2 and the hydroxyl of C3 
become coordinated to the essential Mg (II).  C-1 phosphate is coordinated to 
Gly403, Gly404, Gly381, and Thr65 (spinach RuBisCO numbering) while the C-5 
phosphate is coordinated to His327 and Arg295 (Figure 1.11, green residues).  
RuBP is further held into place by coordination of the C-4 hydroxyl to Ser379. 
Carboxylation is initiated with the abstraction of the proton on C3 (Figure 
1.10A) by a carboxylated Lys201 (Figure 1.11)  (44).  Presence of a carboxylated 
lysine in the active site has been shown in both the amidohydrolase superfamily 
and in the β-lactamases (45, 46).  Abstraction of the C3 proton causes formation 
of the enolate intermediate (Figure 1.10B) between C2 and C3. 
 After shuttling protons from the C3 hydroxyl to the C2 ionized oxygen 
(Figure 1.10C and D), His294 (Figure 1.11) activates water to perform a 
nucleophilic attack on C3 that leads the enolate electrons to form a bond with 
atmospheric CO2 (Figure 1.10E).  Lys334 and Asn123 are involved in stabilizing 
the 2,3-enediolate and the carboxylated intermediate.   
There is some debate about what mechanism RuBisCO uses to fix CO2.  
Originally, Calvin proposed that carboxylation happened in a step-wise 
mechanism where carboxylation is initiated by formation of a ketone on C-3 
allowing C-2 to attack CO2 (47).  Cleland et al. have argued that this mechanism 
is unlikely because the ionized hydroxyl on C-3 that is coordinated to Mg (II) 
loses some of its negative charge, thus hindering carboxylation at C-2 (44).  
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Figure 1.10 Reaction mechanism of ribulose-1,5-bisphosphate and carbon dioxide converted 
to two molecules of 3-phosphoglycerate as catalyzed by RuBiSCO.  Atmospheric carbon 
dioxide is colored red and water incorporated into the product is labeled in blue. Adapted from 
Cleland et al. (45). 
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 Cleavage of the carbon-carbon bond between C-2 and C-3 (Figure 1.10F) 
begins with abstraction of the proton from the water derived hydroxyl on C-3 by 
the carboxylated Lys201.  This cleavage leads to the formation of the lower 3-PG 
and the aci-carboxylate form of the upper 3-PG (Figure 1.10G). 
 The final step in the reaction coordinate is the stereospecific protonation of 
the aci-carboxylate of upper 3-PG.  Formation of the aci-carboxylate of upper 3-
PG is assumed to cause a rotation of the molecule such that it is in position for 
C-2 to accept a proton from Lys175, the pKa of which is suggested to be 
controlled by Lys177. 
 
1.2.3.2. Oxygenation of RuBP 
Although the physiological function of RuBisCO is the carboxylation of 
RuBP, RuBisCO also catalyzes the oxygenation of RuBP (Figure 1.12).  The 
R295
H327
H294
K201
D202
D203
E204
K334
S379
N123
K175
T65
E60
K177
G404
G381
G403
 
Figure 1.11 Active site of spinach RuBisCO (PDB ID: 1UPM).  Phosphate binding residues are 
colored in green, residues involved in catalysis and metal binding are colored  magenta, and 
residues involved in the stabilization of the 2,3-enediolate are colored yellow. 2-Carboxy 
arabinitol 1,5-bisphosphate (2CABP) is bound in the active site and colored grey. 
 
 
 
19 
 
mechanism for the oxygenation reaction is assumed to be very similar to the 
carboxylation reaction with the exception that at the step of carboxylation (Figure 
1.10F) atmospheric oxygen enters the active site and undergoes the nucleophilic 
attack of C-2 (Figure 1.12A).   
It is not known how oxygen becomes activated from the triplet state to 
react with the RuBP in the singlet state, but two hypotheses have been put forth.  
Possibly, 2,3-enediolate can transfer an electron to diatomic oxygen to form the 
C-2 cation and the superoxide radical anion that are held together in a radical 
cage long enough for spin inversion to occur (48).  Another explanation is that 
the 2,3-enediolate becomes twisted during the reaction in such a way that the 
energy gap between the singlet state and the triplet state is small enough for it to 
react with the triplet state of oxygen (49).   
The most likely intermediate is the 2-peroxy molecule (Figure 1.12B) that 
closely mimics the 2-carboxy-3-gem diol intermediate of carboxylation (Figure 
1.10F).  Scission of the bond between C-2 and C-3 is initiated by abstraction of 
 
Figure 1.12 The oxygenase reaction catalyzed by RubisCO. 
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the proton of the non-coordinated hydroxyl of C-3.  The cleavage leads to 
formation of both the 3-PG and the 2-phosphoglycolate without the need for 
stereospecific protonation by Lys175. 
 
1.2.4. Structural characterization of RuBisCO 
 As stated above (1.2.1.), spinach RuBisCO has a quaternary structure of 
eight large subunits and eight small subunits (L8S8).  Subsequent high resolution 
crystal structure data of RuBisCO showed an N-terminal β-sheet with three α-
helices and a C-terminal (β/α)8 barrel (50). 
 
As with triose phosphate isomerase and most other (β/α)8 barrel proteins, 
the active site is located at the C-terminal end of the barrel.  The RuBisCO active 
site is also at the interface of the two domains with the acid/base residues 
N-terminal
C-terminal (α/β)8 barrel  
Figure 1.13 A single subunit of the RuBisCO complex of spinach (PDB ID: 1UPM) without 
small subunit. Active site residues are colored the same as in Figure 1.11. 2CABP is bound in 
the active site and is colored same as Figure 1.11. 
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coming from the loops of the barrel and substrate specificity provided by N-
terminal residues from another RuBisCO molecule (51).  Table 1.1 shows the 
location of the residues involved in the RuBisCO carboxylation reaction. 
 
1.2.5. Forms of RuBisCO 
A major discovery in the genomic era was the RuBisCO of Chlorobaculum 
tepidum (formerly Chlorobium tepidum (52)) that did not retain all the residues 
essential for catalyzing the carboxylation reaction and, as a result, does not 
catalyze the carboxylation reaction.  Prior to this discovery, there were three 
known forms of RuBisCO all of which catalyzed the canonical reaction, but had 
different quaternary structures.  Figure 1.14 shows a phylogenetic tree of the 
known RuBisCO sequences from all forms excluding those not from whole 
genome sequencing projects (53-55). 
 
 
 
Table 1.1 Role and location of mechanistic important residues in RuBisCO 
Residue Role in catalysis Location
E60 Involved in binding Loop A
T65 Binding of C-1 phosphate Loop A
N123 Binding of C-2 carboxyl Loop B
K175 Acid for stereospecific protonation of upper 3-PG Loop 1
K177 Controls pK of K175 Loop 1
K201 Base that abstracts C-3 proton to initiate enolization Loop 2
D202 Accepts proton from K201 to increase positive charge on carbamate NH Loop 2
D203 Coordinates Mg(II) Loop 2
E204 Coordinates Mg(II) Loop 2
H294 Activates H2O to perform a nucleophilic attack on C-3 Loop 5
R295 Binding of C-5 phosphate Loop 5
H327 Binding of C-5 phosphate Loop 6
K334 Stabilizes carboxylate during carboxylation Loop 6
S379 Binding of C-4 hydroxyl Loop 7
G381 Binding of C-1 phosphate Loop 7
G403 Binding of C-1 phosphate Loop 8
G404 Binding of C-1 phosphate Loop 8  
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1.2.5.1. Form I 
Form I RuBisCOs are found in all terrestrial plants and some bacteria.  
Most of the established research on RuBisCO is based on those isolated from 
Spinacia oleracea or Nicotiania tabacum.  These RuBisCOs have the previously 
mentioned L8S8 quaternary structure (1.2.1.) and are the first step of the Calvin- 
Benson-Bassham (CBB) reductive pentose phosphate pathway (53-55).  The 
small subunit of RuBisCO has been shown to be very important for catalysis, 
while the exact function is still unknown (56, 57).   
 
 
Figure 1.14 Phylogenetic tree of all forms of RuBisCO.  Colored branchs are form IV RuBisCOs.  
Important members of each form are listed.  The tree was created in MEGA 5 using neighbor-
joining with default parameters and a bootstrap value of 500. 
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1.2.5.2. Form II 
The form II RuBisCOs are found mostly in bacteria with the most studied 
member being from Rhodospirillum rubrum (Figure 1.14).  The quaternary 
structure is (L2)X with the structure of R. rubrum RuBisCO being a dimer of large 
subunits.  Like form I RuBisCOs, form II catalyzes the carboxylation of RuBP as 
the first step of the CBB pathway (53-55).  The small subunit that improves 
catalysis in form I has not been found to be associated with form II RuBisCOs. 
 
1.2.5.3. Form III 
First discovered in 1999 in hyperthermophilic archaeons, the form III 
RuBisCOs were an amazing find because these are enzymes that catalyze 
reactions utilizing either CO2 or O2 and they had evolved in the absence of 
oxygen (58).  Form III RuBisCOs were shown to catalyze the carboxylation 
reaction with an extreme sensitivity to O2.   
 
More interesting than the RuBisCO itself was the fact that these 
organisms (Methanocaldococcus jannasachii and Archeaoglobus fulgidus, Figure 
 
Figure 1.15 The novel pathway for producing RuBP from AMP in organisms that have form III 
RuBisCO. Adapted from Sato et al.  (62) 
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1.14) did not use the reductive pentose phosphate for carbon fixation and lacked 
the key enzyme phosphoribulokinase (59) that catalyzes the conversion of D-
ribulose 5-phosphate to RuBP (60).  When crude extracts of M. jannasachiI was 
fed RuBP, D-ribose 1,5-bisphosphate, or 5-phospho-D-ribose 1-pyrophosphate, 
Finn et al. observed incorporation of 14CO2 into 3-PG (59).  With this, Sato et al. 
investigated the biosynthesis of RuBP in the archaeon, Thermococcus 
kodakaraensis, and identified a novel pathway that converts AMP to 3-PG (61) 
(Figure 1.15). 
 
1.2.5.4. Form IV 
Initially, researchers thought that form IV RuBisCOs were another class of 
form III because of the low sequence identity they had with forms I and II. Closer 
examination revealed that the form IV sequences were missing active site 
residues crucial to the carboxylation reaction (Table 1.1).  Lack of these residues 
implied that these enzymes could not catalyze the carboxylation reaction and 
they were then named “RuBisCO-like proteins” (RLPs) (62).   Of the six RLP 
subfamilies, there are only two known functions: the 2,3-diketo-5-
methylthiopentane 1-phosphate tautomerase/”enolase” of the methionine salvage 
pathway in Bacillus subtilis and the 5-methylthio-D-ribulose 1-phosphate 1,3-
isomerase of Rhodospirillum rubrum. 
 
1.2.5.4.1. 5-Methylthio-D-ribulose 1-phosphate 1,3 isomerase 
R. rubrum contains a heavily studied form II RuBisCO, but the genome 
also encodes a form IV RLP.  Imker et al. investigated the function of this 
enzyme and found that it catalyzes the conversion of 5-methylthio-D-ribulose 1-
phosphate to a mixture of 1-methylthio-xylulose 5-phosphate and 1-methylthio-
ribulose 5-phosphate (63).  For the larger question of the role of RLPs, this 
second function really underscored the recurring theme of sulfur metabolism, 
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especially since R. rubrum RLP utilized a metabolite from the methionine salvage 
pathway. 
Further investigation by Erb et al. (64) showed that methionine salvage 
and possibly sulfur salvage were not the main purpose of the novel pathway that 
contained the RLP.  The novel pathway is designed to recover the carbon 
backbone of the 5’-methylthio-D-ribosyl moiety of 5’-methylthio-adenosine and 
funnel it to isopreniod biosynthesis.  This is accomplished by the function of 1-
methylthio-D-xylulose 5-phosphate methylsulfurylase that converts 1-methylthio-
D-xylulose 5-phosphate to 1-deoxy-D-xylulose 5-phosphate (DXP) (65).  Chapter 
2 shows the work of functional discovery in the R. rubrum/Deep Ykr RLP family 
as well as the mechanistic investigation of the 1-methylthio-D-xylulose 5-
phosphate methylsulfurylase. 
 
1.2.5.4.2. C. tepidum RLP 
 Even though the RLP from C. tepidum was the first to be investigated, the 
function remains elusive.  Tabita et al. had shown that disruption of the C. 
tepidum RLP displayed a phenotype deficient in sulfur oxidation (66).  Previously, 
this lab accumulated evidence that C. tepidum RLP can exchange the C-3 proton 
of 5-methylthio-D-ribulose 1-phosphate, but the reaction product was not 
identified (67).  Current work of functional discovery in the C. tepidum/Non-Photo 
RLP family is described in Chapter 3. 
 
1.2.5.4.3. 2,3-Diketo-5-methylthio-pentane 1-phosphate tautomerase/”enolase” 
In 2002, Sekowska et al. showed that B. subtilis utilized a modified form of 
the methionine salvage pathway that replaced the bifunctional 
“enolase”/phosphatase with an RLP and a phosphatase (68).  The methionine 
salvage pathway allows organisms across all domains to salvage methionine 
from 5’-methylthio-adenosine produced during polyamine biosynthesis (69).  
Ashida et al. provided 1H NMR data showing that B. subtilis RLP catalyzed the 
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tautomerization of 2,3-diketo-5-methylthio-pentane 1-phosphate to 2-hydroxy-3-
keto-5-methylthio-pent(1)ene 1-phosphate (70).  As mentioned above, B. subtilis 
RLP and a phosphatase replaced a bifunctional enolase/phosphatase, which has 
led to the RLP being called an “enolase.”  Ashida et al. also provided evidence 
that form II RuBisCO from R. rubrum could complement a B. subtilis RLP 
disrupted strain, the investigation of which makes up Chapter 4. 
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2. Rhodospirillum rubrum / DEEP YKR RLP FAMILY 
The following chapter will describe efforts to understand the Deep Ykr 
RLPs, so named because of their sequence similarity to the YkrW/MtnW RLPs.  
Section 2.1 focuses on the widely studied Rhodospirillum rubrum RLP and the 
insight gained from studying its genome context context.  Next, Section 2.2 
details the uncharacterized Deep Ykr RLP members and their genome contexts.  
In Section 2.4, I propose a metabolic pathway for several uncharacterized RLP 
members, provide evidence for the mechanism of 1-methylthio-D-xylulose 5-
phosphate methylsulfurylase, and kinetic characterization of the R. rubrum RLP. 
2.1. The RLP of R. rubrum  
2.1.1. The function of R. rubrum RLP 
While the form II RuBisCO in R. rubrum has been extensively studied 
since the 1970s, researchers discovered the RLP only after sequencing the 
genome.  Imker et al. determined the function of the RLP to be 1,3- isomerization 
of 5-methylthio-D-ribulose 1-phosphate (MTRu 1-P) to a 3:1 mixture of 1-
methythio-xylulose 5-phosphate (MTXu 5-P) and 1-methylthio-ribulose 5-
phosphate (MTRu 5-P) (1).   
 
Figure 2.1 The proposed R. rubrum RLP reaction mechanism. 
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The exact reaction mechanism for the conversion of MTRu 1-P to MTXu 
5-P and MTRu 5-P is not known; Imker et al. have proposed the mechanism in 
Figure 2.1.  Abstraction of the C3 proton initiates the formation of the 2, 3-enediol 
intermediate.  A key feature of the mechanism is formation of a ketone at C3 that 
sets up for subsequent proton abstraction at C4 to form a second enediol 
between C3 and C4.  Formation of the ketone at C4 completes the reaction. 
 
2.1.2. Roles of R. rubrum RLP active site residues 
By analogy to the carboxylation reaction of RuBisCO, I can ascribe 
functions to some active site residues in the proposed mechanism (Figure 2.1). 
Abstraction of the C3 proton by a carboxylated K162 initiates the reaction just as 
carboxylated K201 starts the carboxylation reaction for spinach RuBisCO.  The 
conserved residues of the phosphate binding site (G319, M33, G341, and G342) 
coordinate the C1 phosphate for substrate binding.  A hydrophobic pocket 
composed of P253 and I280 provides a binding pocket for the methylthio- moiety 
on C5.  After formation of the enediol, residues R287 and N87 probably stabilize 
the negative charge between C2 and C3.  When the ketone is formed on C3, the 
residue most likely to donate a proton to C2 is K137, reminiscent of the 
carboxylation reaction because K175 in spinach RuBisCO is the acid for 
formation of upper 3-phosphoglycerate.  Sequence and structure analysis of the 
active site residues in RuBisCO do not provide clues to the identity of the residue 
in the RLP responsible for abstraction of the C4 proton, because no such 
function exists in the carboxylation mechanism.  Aside from the identity of the 
base in C4 proton abstraction, it is not known how the enediol between C3 and 
C4 can be coordinated to Mg (II) if MTRu 1-P binds in the active site as RuBP 
binds into the authentic RuBisCO active site. 
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2.1.3. Unique pathway for carbon salvage in R. rubrum 
Although the R. rubrum RLP is a MTRu 1-P 1,3-isomerase, the 
physiological context remained unknown until recently.  Initially, it was suggested 
that R. rubrum RLP plays a part of a novel methionine salvage pathway (2), but 
bioinformatic analysis failed to reveal likely candidate genes for the following 
essential proteins:  2-hydroxy-3-ketomethylthiopentene 1-phosphate 
phosphatase, 1,2-dihydroxy-3-keto-methylthiopentene dioxygenase, and 2-keto-
methylthiobutyrate transaminase.  The methionine salvage pathway is a 
universal pathway for recycling sulfur from 5’-methylthio-adenosine (MTA) 
produced during polyamine biosynthesis to L-methionine (3). 
Recently, Erb et al. determined the physiological role of the R. rubrum 
RLP (4).  Using MTA-grown R. rubrum cell extract and 1H NMR, they concluded 
that R. rubrum can convert MTA to MTRu 1-P.  Comparison between MTA-grown 
and sulfate-grown cell extracts showed similar rates of in vitro MTRu 1-P 1,3 
isomerization which suggested that the pathway of MTA usage was part of a 
housekeeping function.   
 
Figure 2.2 The MTA-isoprenoid shunt of R. rubrum 
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Utilizing a metabolomics approach that compared sulfate-grown 
metabolites to MTA-grown metabolites confirmed the conversion of MTA to 
MTRu 1-P (Figure 2.2).  Surprisingly, the data showed a concomitant increase in 
the following isoprenoid metabolites: 1-deoxy-D-xylulose 5-phosphate (DXP), 4-
(cytidine-5-diphospho)-2-C-methyl-D-erythritol, and 2-C-methyl-D-erythritol-2,4-
cyclodiphosphate (4).  Based on the structural similarity between MTXu 5-P and 
DXP, it was proposed that DXP is a downstream metabolite of MTA (5). 
To map out the pathway, Erb et al. created a transposon mutant library in 
R. rubrum and screened for loss of methanethiol release when grown on MTA as 
the sole sulfur source.  From this screen, the importance of MTA phosphorylase, 
MTR 1-P isomerase, and MTRu 1-P 1,3-isomerase involved in the pathway were 
confirmed (Figure 2.2).  Genomic analysis identified a gene consistently adjacent 
to many Deep Ykr RLPs; disruption of this gene resulted in a loss of methanethiol 
release.  The adjacent gene codes for a member of the cupin superfamily, the 
most functionally diverse superfamily (6).  The purified cupin was assayed with a 
mixture of RLP products and DTT resulting in formation of DXP (Figure 2.2).  The 
mechanistic investigation of the cupin is discussed below (2.3.3-2.3.5) 
 
2.1.4. Sequence alignment of group members 
Of the 35 known Deep Ykr RLPs, only R. rubrum RLP has been 
functionally characterized.  As discussed (2.1.2.), some of the active site 
residues of the RLPs can be assigned a mechanistic role by analogy to those 
conserved from RuBisCO.  Figure 2.3 shows a partial multiple sequence 
alignment of the known Deep Ykr family members.  From the alignment, there is 
no deviation in the active site residues, leading to the hypothesis that all 
members catalyze the conversion of MTRu 1-P to a mixture of MTXu 5-P and 
MTRu 5-P. 
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2.1.5. RLP genome context contexts 
The MTA-isoprenoid shunt of R. rubrum is coded in two separate genome 
contexts.  The first codes for the MTA phosphorylase and MTR 1-P isomerase 
that combined take MTA to MTRu 1-P.  The second genome context codes for 
the RLP and cupin that convert MTRu 1-P to DXP.  Within the Deep Ykr family, 
most RLPs are adjacent to the cupin; in a small group the genes encoding a two-
part transketolase is found in the  genome context (Figure 2.4).  This smaller 
group has an genome context structure of: MTR kinase, MTR 1-P somerase, 
transketolase 1, transketolase 2, and then the RLP. 
GI Organism
390951368 Thiocystis violascens DSM 198 E F N K M K D D H H P I R G G G G
345871383 Thiorhodococcus drewsii AZ1 E F N K M K D D H H P I R A G G G
374295646 Clostridium clariflavum DSM 19732 E F N K M K D D H H P I R A G G G
111075030 Heliobacillus mobilis E F N K M K D D H H P V R G G G G
153872960 Beggiatoa sp. PS E M N K M K D D H H P I R G G G G
153864333 Beggiatoa sp. SS E V N K M K D D H H P I R L A - -
145349927 Ostreococcus lucimarinus CCE9901 E L N K M K D D H H P I R G G G G
255082271 Micromonas sp. RCC299 E L N K M K D D H H P I R G G G G
226460209 Micromonas pusilla CCMP1545 - - N K M K D D H H P I R G G G G
116059291 Ostreococcus tauri E L N K M K D D H H P I R G G G G
116058749 Ostreococcus tauri E L N K M K D D H H P V R G G G G
145348485 Ostreococcus lucimarinus CCE9901 E L N K M K D D H H P V R G G G G
226460922 Micromonas pusilla CCMP1545 E L N K M K D D H H P I R G G G G
255071755 Micromonas sp. RCC299 - - - K M K D D H H P I R G G G G
89067677 Oceanicola granulosus HTCC2516 E I N K Q K E D H H P V R G G G G
163761267 Hoeflea phototrophica DFL-43 E I N K Q K D D H H P V R G G G G
153012125 Ochrobactrum anthropi ATCC 49188 E I N K A K D D H H P V R G G G G
269798323 Veillonella parvula DSM 2008 E F N K M K D D H H P I R G G G G
238018902 Veillonella dispar ATCC 17748 E F N K M K D D H H P I R G G G G
157364535 Thermotoga lettingae TMO E F N K M K D D H H P I R A G G G
88810943 Nitrococcus mobilis Nb-231 E L N K M K D D H H P I R G G G G
114320324 Alkalilimnicola ehrlichii MLHE-1 E M N K M K D D H H P I R G G G G
121997270 Halorhodospira halophila SL1 E L N K L K D D H H P V R G G G G
296121628 Planctomyces limnophilus DSM 3776 E V N K K K D D H H P V R A G G G
115525677 Rhodopseudomonas palustris BisA53 E C N K Q K D D H H P I R A G G G
90423687 Rhodopseudomonas palustris BisB18 E C N K Q K D D H H P V R A G G G
91976710 Rhodopseudomonas palustris BisB5 E C N K Q K D D H H P V R A G G G
86750338 Rhodopseudomonas palustris HaA2 E C N K Q K D D H H P V R A G G G
192290846 Rhodopseudomonas palustris TIE-1 E C N K Q K D D H H P I R A G G G
39935238 Rhodopseudomonas palustris CGA009 E C N K Q K D D H H P I R A G G G
83593333 Rhodospirillum rubrum ATCC 11170 E M N K Q K D D H H P I R A G G G
217977428 Methylocella silvestris BL2 E A N K Q K D D H H P I R A G G G
291295289 Meiothermus ruber DSM 1279 E M N K Q K D D H H P I R A G G G
297564799 Meiothermus silvanus DSM 9946 E M N K Q K D D H H P I R A G G G
268317446 Rhodothermus marinus DSM 4252 E T N K V K D D H H P I R A G G G  
Figure 2.3 Partial multiple sequence alignment of known protein sequences of RLPs from the 
Deep Ykr family.  The sequences are from full sequenced genomes.  Residues highlighted in 
blue indicate a function in stabilizing the enediol intermediate.  Residues highlighted in orange 
are essential for catalysis.  Lastly, residues highlighted in green are known to bind the phosphate 
groups of RuBP. 
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2.1.5.1. Cupin containing genome contexts 
The cupin gene, which encodes MTXu 5-P methylsulfurylase, usually 
appears immediately adjacent to the RLP.  The sequences of the cupins are 40-
60% similar, with universal conservation of the following residues (R. rubrum 
numbering, PDBID: 3JZV) that are near the active site: Tyr27, Arg54, Phe56, 
Glu67, His69, His71, His73, His107, Phe119, Cys121, Val123, Arg127, and 
Asp128.  The average length of the cupins is 145 AA.  Planctomyces limnophilus 
DSM 3776 (GI: 296121628) encodes the sole example of an RLP fused to a 
cupin; however there is currently no experimental evidence on that enzyme.   
 
Figure 2.4 Neighbor joining tree of Deep Ykr RLP members.  Genomes that contain: the two-
part transketolase have a green asterisk, a cupin with C121 homolog have a pink asterisk, and 
neither cupin or two-part transketolase are marked with black asterisks. 
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Fortunately, previous investigators have solved four different x-ray 
structures for members of the Deep Ykr-neighboring cupins (Figure 2.6): 3JZV 
(R. rubrum), 3IBM (Halorhodospira halophila), 3KGZ (Rhodopseudomonas 
palustris TIE-1), and 1VJ2 (Thermatoga maritima).  All four structures lack any 
bound substrate, but they share the overall jelly-roll fold characteristic of cupins 
(6) (Figure 2.5A,B).  Three of the structures are dimers where the dimer interface 
is a β-sheet and far from the active site (Figure 2.5C).  The cupin containing 
genome contexts comprise the majority of the RLP genome contexts; the 
remaining genome contexts encode a two-part transketolase.   
 
2.1.5.2. Transketolase containing genome contexts 
Authentic transketolase catalyzes the thiamin-pyrophosphate dependent 
transfer of a two carbon unit from a ketose donor to an aldose acceptor (7).  
Crystallized transketolase is a homodimer where each subunit has three 
 
Figure 2.5 Superposition of 3JZV, 3IBM, 3KGZ, and 1VJ2. A) The distinctive jelly-roll fold of 
the cupins. B) The opening of the active site. C) The dimer form of 3KGZ, 1VJ2, and 3IBM.   
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domains: PP, Pyr, and Carboxy-terminal.  The PP domain binds the 
pyrophosphate moiety and the Pyr domain binds the pyrimidine ring of the 
thiaminin-pyrophosphate cofactor, while the carboxy-terminal domain is not 
involved in the reaction mechanism.  A PP domain from one subunit and a Pyr 
domain from another form the active site at the dimer interface.  Eight Deep Ykr 
RLP members contain the two genes that code for the PP domain alone 
(transketolase 1) and the Pyr domain (transketolase 2).  To understand the 
importance of the RLP, it is imperative to determine the function of 
transketolases 1 and 2.  A brief bioinformatic analysis follows that attempts to 
elucidate functional information from the known transketolase 1 and 2 
sequences. 
 
2.1.5.2.1. Transketolase 1 
Transketolase 1 members are on average 60% identical to one another at 
the sequence level and 30% identical to the authentic E. coli transketolase (GI: 
378711613).  These sequences average 300 residues, with the shortest chain 
being 272 and the longest being 314 residues in length.  Figure 2.6 shows a 
partial multiple sequence alignment of the eight transketolase 1 protein 
sequences compared to authentic transketolase to show that thiamin-
pyrophosphate binding residues are mostly conserved and likely bind the 
cofactor (8-10). 
 
GI Organism 26 66 100 154 155 156 160 161 165 170 175 178 179 183 185 187 189 261
378711613 Transketolase H H H G D G E G E A L L I D N I I H
390951365  T. violascens DSM 198 Y H E S D G E G E L I L G D N Q C -
345871385  T. drewsii AZ1 Y H E S D G E G E L L L G D N Q C -
374295648  C. clariflavum DSM 19732 Y Q E S D G S G E I L I L D N Y C -
111074979  H. mobilis H H Q G D G E G E A L L T D N L I -
89067679  O. granulosus HTCC2516 Y H E S D G E G E C I V L D N Q C -
163761269  H. phototrophica DFL-43 Y H E S D G E G E A I L W D N Q C -
153012123  O. anthropi ATCC 49188 Y H E S D G E G E M I I R D N Q C -
157364533  T. lettingae TMO Y H E S D G I G E L I V N D N Q A -
Thiamin-pyrophosphate binding domain  
Figure 2.6 Partial multiple sequence alignment of transketolase 1 sequences from the Deep Ykr 
members that have it in a genome context.  Residues with a known function in the mechanism are 
colored in orange. The pink region identifies the thiamin-pyrophosphate binding domain. 
Numbering refers to authentic transketolase from E. coli. 
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2.1.5.2.2. Transketolase 2 
 An initial BLASTP search of transketolase 2 homologs against the non-
redundant NCBI protein database revealed similarity with both authentic 
transketolase and DXP synthase.  DXP synthase at catalyzes the condensation 
reaction of pyruvate and glyceraldehyde 3-phosphate to produce DXP and 
carbon dioxide.   A partial multiple sequence alignment of the transketolase 2 
protein sequences (Figure 2.7) revealed minor deviation from both authentic 
transketolase and DXP synthase in the “transketolase motif” (8-10).  The 
“transketolase motif” is universally present in transketolases and includes 
residues involved with substrate binding and transition state stabilization (8-10). 
Even though the transketolase 2 sequences have “transketolase motifs” 
homologous to authentic transketolase, the similarity with DXP synthase points to 
an intriguing convergence with the MTA-isoprenoid shunt, where the 5’-
methylthio-D-ribosyl moiety of MTA is converted to DXP.  Homology to DXP 
synthase may mean that the two-part transketolase is producing DXP, degrading 
a DXP-like molecule (possibly MTXu 5-P or MTRu 5-P), or generating a DXP-like 
product.   
To gain an understanding of the physiological function of the Deep Ykr 
RLPs, I sought: the function and mechanism of the cupin, function and 
mechanism of the two-part transketolase, and function of other members of the 
Deep Ykr RLPs.  Through my studies, I was able to identify the mechanism of the 
GI Organism 358 381 385 460 461 462 463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 479 483 486 492
378711613 Transketolase R D S T H D S I G L G E D G - - P T H Q P V E R P R
2501357 DXP synthase K A G A I D R A G I V G A D - G Q T H Q G A F R P T
390951366  T. violascens DSM 198 R D S I G F L P G I T T A G - G V T H Q A I D R P E
345871384  T. drewsii AZ1 R D S I G F L P G I T T A G - G V T H Q A I D R P E
374295647  C. clariflavum DSM 19732 K D S F G F L P G V T T P G - G A T H Q A I E R P E
111074978  H. mobilis R D S A A T H A G I S V G E D G A S H Q T V E R P V
89067678  O. granulosus HTCC2516 R D S M G F L P G I T T P G - G M T H Q A I E R P E
163761268  H. phototrophica DFL-43 R D S M G F L P G I T T P G - G M T H Q A I E R P E
153012124  O. anthropi ATCC 49188 R D S M G F L P G I T T P G - G I T H Q A I E R P E
157364534  T. lettingae TMO R D S F G F L P G I T T P G - G A S H Q A I N R P E
Transketolase motif  
Figure 2.7 Partial multiple sequence alignment of transketolase 2 sequences from the Deep Ykr 
members that have it in an genome context.  Residues highlighted in orange have a function in 
the mechanism. The region highlighted in pink identifies the “transketolase motif.” Numbering 
refers to authentic transketolase from E. coli. 
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cupin, propose a function for the two-part transketolases, and provide kinetic 
characterization of the RLP from R. rubrum. 
 
2.2. Materials and methods 
 Unless otherwise stated, all chemicals used for synthesis were purchased 
from Sigma-Aldrich.  All buffers and reaction mixture components were 
purchased from Fisher Scientific.  Unless otherwise stated, all 1H NMR spectra 
were obtained with a Varian Unity INOVA 500NB spectrometer.  All kinetic 
assays were performed on either a Cary 300 Bio UV/Vis spectrometer from 
Varian or a Perkin Elmer Lambda 25 UV/VIS spectrometer.  All PCR 
amplifications were performed with Invitrogen Pfx DNA polymerase according to 
the instructions included in the package.  Restriction digests were all performed 
using New England Biolabs’ enzymes according to the instructions included with 
the enzyme. 
 
2.2.1. Synthesis of MTR  
MTR was prepared according to two different procedures: that from Imker 
et al. (11) and that from Erb et al. (4).  The MTR produced by either method was 
of equal quality as determined by 1H NMR and enzyme activity.  Both procedures 
are detailed here, but no distinction is made about the source of MTR in the text. 
 
2.2.1.1. Synthesis of MTR according to Imker et al. 
 All reaction glassware was dried by heating to 100°C in a heating oven for 
at least 1 hour.  Heated glassware was cooled in a desiccator under an N2 
atmosphere for at least twenty minutes.  All solvents were added using gastight 
Hamilton syringes where the glass barrel of the syringe and metal needle were 
dried in the heating oven, while the plunger was placed in a desiccator for 16-18 
hours.  Reaction solvents, except trifluoromethanesulfonic anhydride and CH2Cl2, 
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were all dried at least 16-18 hours with 3 Å molecular sieves that had been 
washed with acetone and dried in a heating oven.  CH2Cl2 was dried by 
distillation using CaH2.  Prior to use, all solid reagents were placed in a 
desiccator for at least 16-18 hours.  The Dowex 50WXZ resin was converted to 
the H+ form by soaking in 1 M HCl for 16-18 hours and then washing with 
methanol.  Washed Dowex was then filter-dried using Whatman paper and a 
Hirsch funnel for an hour before placing in a desiccator to completely dry, usually 
three days. 
 
2.2.1.1.1. D-Ribose to 1-methyl-2,3-O-isopropylidene-β-D-ribofuranoside 
 
 The first step is to protect the hydroxyl group of the anomeric carbon by 
attaching a methoxyl group.  To a 10 mL round bottom flask, 0.125 g of D-ribose 
and 0.028 g of Dowex 50WXZ was added.  The reaction vessel was then flushed 
with N2 three times before adding 2.54 mL of methanol with a gastight syringe.  
After adding methanol, the reaction vessel was again flushed three times with N2 
 
Figure 2.8 
1
H NMR spectrum of 1-O-methyl-ribofuranoside. 
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and stirred at room temperature for at least four hours.  After four hours, 25 μL of 
the reaction mixture was dried by Speedvac and then resuspended in 800 μL of 
D2O to check for reaction completion by 
1H NMR (Figure 2.8).  Completed 
reactions were filtered with Whatman paper and a Hirsch funnel to remove the 
Dowex 50WXZ resin.  The reaction vessel was washed three times with ether.  
Methanol and ether were removed by reduced pressure and then the reaction 
mixture was dried to a syrup.  A small amount was dissolved in 800 μL of D2O, 
and a 1H NMR spectrum was acquired (Figure 2.8).  This syrup was stored at 
-20C until the next step. 
 
 Next, the hydroxyl groups on C2 and C3 are protected by formation of a 
ketal using 2,2-dimethoxypropane.  To the previously made syrup, 0.028 g of 
Dowex 50WXZ and 0.337 mL of 2,2-dimethoxypropane was added.  The reaction 
vessel was flushed with N2 three times before leaving to react 16-18 hours at 
room temperature with stirring.  After 16-18 hours, the mixture became dark 
brown.  This reaction as was monitored by spotting onto silica TLC plates, 
 
Figure 2.9 
1
H NMR spectrum of 1-methyl-2,3-O-isopropylidene-B-D-ribofuranoside. Asterisk 
refers to the hydroxyl proton of C5. 
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developing with 1:1 toluene:ethyl acetate, and staining with cerium-ammonium 
molybdate (CAM) (Rf = 1).  Dowex resin was removed by filtration with Whatman 
paper and a Hirsch funnel.  The reaction vessel and resin were washed three 
times with CHCl3.  The filtered reaction mixture was concentrated under reduced 
pressure to remove solvents.  Dried product was resuspended in a minimal 
volume of hexanes and then applied to a silica column (hexanes packed, 1.7 x 
17 cm).  The column was washed in sequence with 20 mL hexanes, 50 mL 1:4 
ethyl acetate:hexanes, and 120 mM 1:2 ethyl acetate:hexanes while collecting 5 
mL fractions.  Fractions were screened by TLC with liquid phase of 1:1 ethyl 
acetate:toluene (Rf = 0.5).  Fractions containing the product were pooled and 
concentrated under reduced pressure.  A sample of dried product was 
resuspended in 800 μL of CDCl3, and a 
1H NMR spectrum was acquired (Figure 
2.9).  The residue (ribose syrup) was flushed with N2 three times before storing at      
-20°C for 16-18 hrs. 
 
2.2.1.1.2. 1-Methyl-2,3-O-isopropylidene-β-D-ribofuranoside to 1-methyl-5-S-
methyl-2,3-O-isopropylidene-β-D-ribofuranoside 
 The protected ribose syrup was placed in an ice bath and then 6 mL of 
CH2Cl2 and 0.130 mL of pyridine were added.  The reaction was flushed with N2 
three times and left to mix while the NaSCH3 solution was prepared.  In a 5 mL 
roundbottom flask, 0.4 g NaSCH3 and 3.6 mL of methanol were added, flushed 
three times with N2, and then stirred until mostly dissolved.  To activate the 
protected ribose, 0.5 mL of trifluoromethanesulfonic anhydride was added drop-
wise to the reaction mixture to form a thick, white solution.  After reacting for 
about four minutes, the NaSCH3/MeOH solution was added drop-wise to the 
reaction mixture causing it to turn yellow.  The methylthiolation reaction was left 
stirring on ice for 30 minutes and then brought to room temperature for 45 
minutes.  Reaction progress was monitored by TLC, a spot that ran with the 
solvent front in 1:4 ether:toluene was indicative of final product (Rf = 1). 
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 The reaction mixture was poured into a separatory funnel and protected 
methylthioribose was extracted with CHCl3.  The organic phase was successively 
washed with 0.25 M HCl, saturated NaHCO3, and ddH2O.  The organic phase 
was then dried by addition of Na2SO4 until there was no more clumping.   The 
dried organic phase was then filtered with Whatman paper and Hirsch funnel.  
and then concentrated to a syrup.  The syrup was re-suspended in minimal 
hexanes and loaded on a silica gel column (hexanes packed, 1.7 x 30 cm).  
Protected methylthioribose was eluted with a sequence of 20 mL hexanes, 72 mL 
1:8 ether:hexanes, and 125 mL 1:4 ether:hexanes.  Fractions were screened by 
TLC with a liquid phase of 1:1 toluene:ether (Rf = 0.5).  Fractions containing 
product were pooled and concentrated to a syrup.  A small sample of product 
was resuspended in 800 μL of CDCl3, and a 
1H NMR spectrum was acquired to 
confirm product (Figure 2.10).  Syrup with confirmed product was stored at 
-20°C. 
 
 
Figure 2.10 
1
H NMR spectrum of 1-methyl-5-S-methyl-2,3-O-isopropylidene-B-D-ribofuranoside. 
47 
 
2.2.1.1.3. 1-Methyl-5-S-methyl-2,3-O-isopropylidene-β-D-ribofuranoside to 5-
methylthio-D-ribose. 
 
 To deprotect the protected methylthioribose, 1.2 mL 1,4-dioxane and 3.6 
mL 0.1 N H2SO4 were added to the syrup, and the reaction mixture was refluxed 
at 100°C with stirring for one hour.  A 25 μL sample was resuspended in 800 μL 
D2O, and a 
1H NMR spectrum was acquired to determine reaction completion 
(Figure 2.11).  Completed reactions were brought to pH 7 and then concentrated 
to a syrup.  The syrup was resuspended in a minimal volume of ethyl acetate 
with ddH2O added dropwise.  The dissolved product was loaded on a silica 
column (ethyl acetate packed, 1.7 x 30 cm) and then eluted with ddH2O 
saturated ethyl acetate.  Fractions were screened by TLC with ddH2O saturated 
ethyl acetate (Rf = 0.3).  Product containing fractions were pooled and 
concentrated to a yellow syrup.  A small sample of concentrated product was 
resuspended in 800 μL D2O, and the 
1H NMR spectrum was acquired (Figure 
2.11).  Yield was determined by difference of the round bottom and round bottom 
with product.  Product was dissolved in minimal ddH2O and stored at -80°C. 
 
Figure 2.11 
1
H NMR spectrum 5-methylthio-D-ribose. 
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2.2.1.2. Synthesis of MTR according to Erb et al. 
 Methyl-2,3-O-isopropylidene-5-O-tosyl--D-ribofuranoside was purchased 
from LC Scientific.  1.0 gram of methyl-2,3-O-isopropylidene-5-O-tosyl--D-
ribofuranoside and 0.6 grams NaSCH3 were separately suspended in 50 mL of 
dimethylformamide and 30 mL dimethylformamide, respectively, under N2.  The 
methyl-2,3-O-isopropylidene-5-O-tosyl--D-ribofuranoside was cooled in an ice 
bath, and the NaSCH3/DMF solution was added drop-wise to the methyl-2,3-O-
isopropylidene-5-O-tosyl--D-ribofuranoside/DMF solution while stirring.  The 
combined solution was left to react with stirring on ice for 2 hours and then 2 
hours at room temperature.  The reaction was checked for completion by TLC 
(silica gel; 1:1 ethyl acetate:hexanes, staining with CAM, Rf substrate = 0.4; Rf 
product = 0.5).  The solution was dried using a Rotovap, and the yellow residue 
was extracted twice with 1:1 CHCl3:H2O.  The organic phase was collected and 
then washed in sequence with: 0.1 M HCl, saturated NaHCO3, and H2O.  The 
CHCl3 was removed by reduced pressure and the residue was applied to a silica 
column (hexanes packed, 1.7 x 30 cm).  The column was washed with 20 mL 
hexanes, 70 mL 1:8 ether:hexanes, and then 150 mL 1:4 ether:hexanes.  Pure 
fractions were determined by TLC and 1H NMR, pooled and dried using a 
Rotovap. 
The pooled product was resuspended in 1,4-dioxane and 0.05 M H2SO4.  This 
was then refluxed with stirring at 100C for 1 hour.  The solution was then 
neutralized with 1M NaOH and concentrated under reduced pressure to dryness.  
Dried product was resuspended in ethyl acetate with minimal H2O and applied to 
a silica column (ethyl acetate packed; 1.7 x 30 cm).  Pure MTR eluted with H2O-
saturated ethyl acetate. 
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2.2.2. Enzymatic synthesis of MTR 1-P 
MTR 1-P was prepared enzymatically using the MTR kinase of the B. 
subtilis methionine salvage pathway according to Imker et al. A solution of 20 
mM MTR, 5 mM MgCl2, 40 mM Na
+HEPES, pH 7.8, 25 mM ATP, and 10 μM 
MTR kinase was prepared and reacted at room temperature for 16-18 hours.  
Fifty μL of reaction mixture was dried by Speedvac and resuspended in 800 μL 
D2O to determine reaction completion. MTR kinase from completed reaction 
mixtures was removed in an Amicon stirred cell with a 10,000 nominal molecular 
weight limit (NMWL) filter.   
Enzyme-free reaction mixture was concentrated under reduced pressure 
and then loaded onto a DEAE-Sepharose FF column (1.7 x 7 cm) that had been 
previously charged with NaHCO3.  MTR 1-P was eluted with a linear gradient of 0 
to 0.5 M NH4HCO3.  Fractions were initially screened by reduced sugar assay 
and positive fractions were screened by 1H NMR.  Fractions containing pure MTR 
1-P were concentrated under reduced pressure (Figure 2.13); fractions 
contaminated with ADP were pooled and re-purified as before.  Pure MTR 1-P 
 
Figure 2.12 
1
H NMR spectrum of MTR 1-P. 
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was quantified by total phosphate analysis, dissolved in ddH2O, and stored at      
-80°C. 
 
2.2.3. Enzymatic synthesis of MTRu 1-P 
 A reaction mixture of 30 mM MTR 1-P, 5 mM MgCl2, 20 mM Na
+HEPES, 
pH 7.8, and 50 μM MTR 1-P isomerase was left to react at room temperature for 
four hours.  After incubation, 50 μL of the reaction were dried by Speedvac, 
resuspended in 800 μL D2O, and a 
1H NMR spectrum was acquired to determine 
reaction completion.  MTR 1-P isomerase was removed with an Amicon stirred 
cell with a 10,000 NMWL filter.  The enzyme-free reaction mixture was 
concentrated under reduced pressure and then loaded onto a DEAE-Sepharose 
FF column (1.7 x 7 cm) that had been previously charged with NaHCO3.  MTRu 
1-P was eluted with a linear gradient of 0 to 0.5 M NH4HCO3.  Fractions were 
screened by reduced sugar assay; positive fractions were then screened by 1H 
NMR (Figure 2.13).  The pure compound was quantified by total phosphate 
analysis (2.3.5), resuspended in ddH2O, and stored at -80°C. 
 
Figure 2.13 
1
H-NMR spectrum of MTRu 1-P 
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2.2.4. Reduced sugar assay 
 To determine the presence of the reduced sugars (12): MTR 1-P, MTRu 1-
P, or MTXu 5-P and MTRu 5-P in a fraction, 50 μL were added to a 1.7 mL 
microcentrifuge tube containing 0.2 mL ddH2O and 15 μL 0.6 M HCl.  The 
reaction mixture was then heated for ten minutes at 100°C on a heat block.  After 
heating, the tubes were spun-down and cooled to room temperature before 
adding 0.25 mL A (0.7 mM potassium ferricyanide, 10 mM NaOH, and 2% 
sodium carbonate) and heating again for ten minutes at 100°C.  When the 
second heating was complete, 0.25 mL B (0.2 M citric acid, 2 M sodium acetate, 
5 M acetic acid, and 2 mM ferric chloride (III)) was added.  Immediately 
afterwards, 0.5 mL C (2.5 mM 2,4,6-tri(2-pyridyl)-s-triazine and 3 M acetic acid) 
was added.  Reaction solutions that contained reduced sugar turned blue within 
five minutes after addition of C. 
 
2.2.5. Ames total phosphate analysis 
 To determine the phosphate concentration of a phosphorylated 
compound, the following procedure was used (13).  A solution of unknown 
concentration was diluted 1/100 and 1/20 in ddH2O.  In parallel, a 1 mM solution 
of D-ribose 5-P was prepared as a positive control, while ddH2O was used as a 
negative control.  Twenty μL of each solution was aliquoted into separate pyrex 
13 x 100 mm tubes with 30 μL of 10% Mg(NO3)2/95% ethanol; each sample was 
prepared in triplicate.  This solution was dried by flame until brown smoke was no 
longer produced.  After cooling to room temperature, 300 μL 0.5 M HCl was 
added, the tube was capped, and then boiled at 100°C for ten minutes.  The tube 
was cooled to room temperature and solution C was prepared by adding 1 mL of 
solution A (10% ascorbic acid in ddH2O) to 6 mL of solution B (0.42% ammonium 
molybdate*4H2O in 2 M H2SO4).  To the cooled tubes, 700 μL of C was added, 
and then the tubes were incubated at 45°C on a heat block for twenty minutes.  
After incubation, a ddH2O sample was decanted into a 1 cm disposable cuvette 
and used to blank the UV/Vis spectrometer at 820 nm.  The other samples were 
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then decanted into disposable cuvettes, and the absorbance at 820 nm was 
recorded.  Every 0.24 OD observed corresponds to 0.01 µmoles of phosphate in 
the sample. 
 
2.2.6. Cloning of RLPs 
 The following procedure was employed to clone genes.  The genomic 
DNA of the organism of interest (Ochrobactrum anthropi, Thermotoga lettingae, 
and Oceanicola granulosus) was isolated from using a Qiagen kit.  Primers were 
designed that added a 5’-restriction site and a 3’-restriction site for cloning (Table 
2.1) using the instructions and the program described by the manufacturer.  PCR 
reactions were loaded in their entirety onto a 1% agarose gel containing 1 µg/mL 
ethidium bromide.  Bands that corresponded to the expected size were gel 
extracted using a Qiagen gel purification kit and eluted into 40 μL of ddH2O.  
Fragments were then restriction digested with one restriction enzyme 
according to manufacturer’s instructions for 16-18 hours if the enzyme does not 
have star activity or four hours if it does.  The singly digested fragment was PCR 
purified according to the instructions in the Qiagen PCR purification kit and eluted 
into 40 μL ddH2O.  The fragment was then restriction digested according to 
manufacturer’s instructions using the second restriction enzyme and reacted for 
16-18 hours if the enzyme did not have star activity or four hours if it did.  After 
digestion, the entire reaction mixture was loaded onto a 1% agarose gel 
containing 1 µg/mL ethidium bromide.  Bands of expected size were gel purified 
using a Qiagen gel purification kit and eluted into 40 μL of ddH2O.   
 Double digested fragments were initially ligated into the following 
plasmids: pET-15b, pET-17b, and pTom15b (an in-house modification of pET-
15b that adds an N-terminal 10X His tag instead of a 6X His tag) that had 
previously been double digested and dephosphorylated with calf intestinal 
alkaline phosphatase.  Two ligation reactions using T4 DNA ligase (Invitrogen) 
were prepared according to manufacturer’s instructions, one with a vector to 
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Table 2.1 
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 insert ratio of 3:1 and one with a vector to insert ratio of 3:1.  Ligation reactions 
were incubated at 16°C for 16-18 hours and then dialyzed against ddH2O for 15 
minutes prior to transformation.   
 XL-1 Blue cells (60 μL) were transformed with entire ligation reactions by 
thawing competent cells on ice, adding ligation mixture, and then gently mixing.  
The transformation mixture was transferred to a 0.1 cm electroporation cuvette 
that had been kept on ice.  Cells were electroporated (1.8V, 25 μFD), and 100 μL 
of LB was immediately added to allow the cells to recover.  All of the cells were 
plated on LB/ampicillin (100 μg/mL) and incubated at 37°C for 16-18 hours.  After 
incubation, several colonies were restreaked onto LB/ampicillin plates and 
incubated at 37°C for 16-18 hours to isolate single colonies.  Single colonies 
were used to inoculated 5 mL of LB/ampicillin (100 μg/mL) that were 
subsequently incubated at 37°C for 16-18 hours with shaking. 
 The plasmid was isolated from the XL-1 Blue cells using a Qiagen 
miniprep kit and eluted into 40 μL ddH2O.  To determine the presence of an 
insert, either the plasmid was used as a template for a PCR reaction to amplify 
the insert or the insert was removed by restriction digest.  When an insert was 
found to be present, the plasmid was submitted to the High-Throughput 
Sequencing and Genotyping Unit of the W. M. Keck Center on the University of 
Illinois, Urbana-Champaign campus with primers that match either the T7 
promoter or terminator region of the pET vector. 
 
2.2.7. Mutagenesis of transketolase 1 and 2 to generate the combined gene 
  To generate the forward and reverse megaprimers (14), purified plasmid 
(30 ng) was added to a 50 µL reaction containing 1X PCR Buffer, 5 mM MgCl2, 
200 µM dNTPs, 2.5 µM forward primer (standard T7 promoter primer for 5’ 
megaprimer and 5’- GCG ATG GAA AGG GCC GGA GCA ATG GTC GAA ATC 
GTC AAC C -3’ for 3’ megaprimer), 2.5 µM reverse primer (5’- GGT TGA CGA 
TTT CGA CCA TTG CTC CGG CCC TTT CCA TCG C -3’ for the 5’ megaprimer 
and the standard T7 terminator primer for the 3’ megaprimer), 0.2 µL of Taq 
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polymerase, 0.2 µL of Pfx polymerase, and ddH2O.  Reactions were placed in the 
thermocycler, and the following reaction was run: 95°C for 4 min, 95°C for 45 
sec, 55 °C for 45 sec, 72 °C for 2.25 min, cycled 26 times, 72 °C for 7 min, and 4 
°C until removed.  Reactions were visualized on a 1% agarose gel with 1 µg/mL 
ethidium bromide.  The expected band size was 950-1,000 bps. 
When the expected band size was observed, the reactions were PCR 
purified using a Qiagen kit and eluted into 40 µL ddH2O.  To generate the 
complete mutant gene, the forward and reverse megaprimers for each mutation 
were added together in the following 50 µL reaction: 1X PCR buffer, 5 mM 
MgCl2, 200 µM dNTPs, 2.5 µM T7 promoter primer, 2.5 µM T7 terminator primer, 
5 µL forward megaprimer, 5 µL reverse megaprimer, 0.2 µL Taq polymerase, 0.2 
µL of Pfx polymerase, and ddH2O.   The reaction was placed into the 
thermocycler and the following reaction was run: 95 °C for 4 min, 95 °C for 45 
sec, 55 °C for 45 sec, 72 °C for 2.25 min, cycled 26 times, 72 °C for 7 min, and 4 
°C until removed.  Reactions were visualized on 1% agarose gel with ethidium 
bromide.  The expected band size for all reactions is ~1900 bps.  Positive bands 
were gel purified using a Qiagen kit and eluted into 40 µL of ddH2O. 
Purified insert was double digested with NdeI and BamHI restriction 
enzymes and then ligated into in predigested Tom-15b.  Ligation reactions were 
dialyzed against water for 15 minutes before transforming XL-1 Blue competent 
cells.  After transformation, 100 µL of LB was added to the transformation mixture 
for recovery and then 100 µL of recovered transformation mixture was spread 
onto a LB/ampicillin (100 µg/mL) agar plate.  Plates were incubated at 37°C 
overnight. 
Five colonies were picked from each plate and used to inoculate 5 mL of 
LB/ampicillin (100 µg/mL) that was then incubated with shaking at 37°C.  The 
candidate plasmids were isolated from the cells using a Qiagen miniprep kit and 
eluted into 40 µL of ddH2O.   Miniprepped plasmids were first screened by 
restriction digest with NdeI and BamHI for presence of the insert before 
submitting for sequencing at the UIUC core sequencing facility.   
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Positive clones were retransformed into XL-1 Blue competent cells as 
described above.  After restreaking for a single colony, a cell stock was made.  A 
single colony was used to inoculate 5 mL of LB/ampicillin (100 µg/mL) that was 
incubated with shaking at 37°C overnight.  The plasmid was isolated as 
described before and was used to transform BL-21 competent cells.  After 
restreaking for single colonies, a cell stock was made. 
 
2.2.7.1. Site-directed mutagenesis of R. rubrum cupin 
The R. rubrum cupin has a single cysteine in the active site that is 
proposed to abstract the methanethiol of MTXu 5-P. This residue was mutated to 
a serine by the following mutagenesis reaction: 5 μL of 10X KOD Hot Start 
Buffer, 8.75 μL of dNTPs, 6 μL of 25 mM MgSO4, 6 μL each of 10 μM primers 
(For 5’- GCA GAT GAA GCA CTG GGT TTT CTG TCT ATG GTT AAT GCC 
GAA CGT GAT AAA CCG C-3’, Rev 5’- GCG GTT TAT CAC GTT CGG CAT 
TAA CCA TAG ACA GAA AAC CCA GTG CTT CAT CTG C-3’), 1.5 μL of 10 
ng/μL pSGX3 with R. rubrum cupin, 1 μL of KOD polymerase, and 18.75 μL of 
ddH2O for a final volume of 50 μL.  The reaction was loaded into the 
thermocycler with the following settings: 1) 2 minutes at 95 C, 2) 30 seconds at 
95 C, 3) 30 seconds at 55 C, 4) 2.2 minutes at 70 C, then returns to step 2 for 
18 cycles.  Once complete, 1 μL of DpnI was added to the PCR reaction and left 
at 37 C for two hours.  DpnI was inactivated at 65 C for 30 minutes.  To the 
reaction, 500 μL of N-butanol and 50 μL of H2O were added, vortexed, and then 
centrifuged at 15,000 rpm (31,000 x g) for ten minutes.  The supernatant was 
removed and discarded. The pellet was dried by vacufuge and then resuspended 
in 10 μL of ddH2O.  Only 1 μL was electroporated into E. coli XL-1 Blue and then 
plated onto LB agar plates with 30 μg/mL of kanamycin.  The single colonies 
were restreaked, plasmids were isolated using a Qiagen miniprep kit, and 
samples were sequenced.  Positive plasmids were transformed into E. coli BL-21 
and plated onto LB agar plates with 50 μg/mL kanamycin. 
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When I observed activity with the cupin C121S mutant, I constructed the 
C121A mutant by single overlap extension.  To construct megaprimers, the 
following 50 µL reaction was set up: 1 µL of pSGX3 with R. rubrum cupin, 5 µL of 
10X enhancer, 5 µL of 10X Pfx buffer, 2 µL of 20 mM dNTPs, 2 µL of 25 mM 
MgSO4, 0.5 µL of Pfx polymerase, 35.5 µL of ddH2O, 2 µL of each 20 µM primer 
(For first part of gene: 5’-GCA GAT GAA GCA CTG GGT TTT CTG GCG ATG 
GTT AAT GCC GAA CGT GAT AAA CCG C-3’ and 5’-CCC CTC TAG AAT AAT 
TTT GTT TAA CTT TAA GAA GG-3’; for second part of gene: 5’- GCG GTT TAT 
CAC GTT CGG CAT TAA CCA TCG CCA GAA AAC CCA GTG CTT CAT CTG 
C-3’ and standard T7 terminator primer).  The fragments were amplified with the 
following PCR program: 95 °C for 4 min, 95 °C for 45 sec, 55 °C for 45 sec, 72 
°C for 2.25 min, cycled 26 times, 72 °C for 7 min, and 4 °C until removed.  
Fragments were isolated by gel purification using a Qiagen kit and eluted into 60 
µL of ddH2O. 
The intact gene was constructed with the following 50 µL reaction mixture: 
5 µL of each megaprimer, 5 µL of 10X enhancer, 5 µL of 10X Pfx buffer, 2 µL of 
20 mM dNTPs, 2 µL of 25 mM MgSO4, 0.5 µL Pfx polymerase, and 22 µL of 
ddH2O, 2 µL of each 20 µM primer (5’-CCC CTC TAG AAT AAT TTT GTT TAA 
CTT TAA GAA GG-3’ and standard T7 terminator primer).  The entire gene was 
amplified with the same program used to generate the individual megaprimers.  
Amplicons were isolated by gel extraction using a Qiagen kit and eluted with 60 
µL of ddH2O.  Purified amplicons were double digested with XbaI and XhoI 
simultaneously.  After four hours of digestion, the whole gene was gel purified by 
Qiagen kit and eluted into 60 µL of ddH2O.  Double digested insert was ligated 
into pre-digested pSGX3 and used to transform E. coli XL-1 Blue cells.  
Transformed cells were recovered at room temperature with 100 µL of LB before 
being plated on LB/kanamycin (50 µg/mL) and incubated at 37 °C overnight.  
Colonies were restreaked onto LB/kanamycin (50 µg/mL) and again incubated 
overnight at 37 °C.  Single colonies were used to inoculate 5 mL of 
LB/kanamycin (50 µg/mL) that were shaken overnight at 37 °C.  The plasmid 
DNA was harvested from each culture using a miniprep kit from Qiagen and 
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eluted with 60 µL of ddH2O.  Plasmids were submitted to the High-Throughput 
Sequencing and Genotyping Unit of the W. M. Keck Center on the University of 
Illinois, Urbana-Champaign campus and amplified with standard T7 promotor and 
T7 terminator primers. 
 
2.2.8. Protein expression and purification 
To determine solubility, the following general procedure was used.  
Vectors containing genes of interest were transformed into E. coli BL21(DE3).  
After restreaking for single colonies, 2 x 5 mL of LB/ampicillin (100 μg/mL) for 
pET vectors or pMal media/ampicillin (20 g tryptone, 10 g yeast extract, 10 g 
NaCl, 4 g glucose, 100 μg/mL ampicillin) for pMal-C2X were inoculated and 
shaken at 37 °C for 16-18 hours.  The following day, one of the 5 mL cultures 
was induced with IPTG to a final concentration of 1 mM and grown for 4 hours.  
After incubation, cells were harvested, resuspended in 1 mL 1X binding buffer (5 
mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl (pH 7.9), and 5 mM MgCl2) for pET-
15b and pTom-15B or 1 mL low salt buffer (10 mM Tris-HCl (pH 7.9) and 5 mM 
MgCl2) for pET-17b or no maltose buffer (20 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 
and 0.5 M NaCl) for pMal-C2X, sonicated, and centrifuged.  A 10 μL sample of 
supernatant was collected, and the remaining supernatant was discarded without 
disturbing the pellet.  The pellet was resuspended in 1 mL 1X binding buffer or 
low salt buffer and a 10 μL sample was collected.  All four samples were run on a 
15% acrylamide-SDS gel to determine level of expression.  If expression level 
was low, then expression screen was repeated while varying factors such as: 
temperature, re-suspension buffer, growth media, or growth time. 
2.2.8.1. B. subtilis isomerase and B. subtilis kinase 
 For large scale purification of B. subtilis MTR 1-P isomerase or MTR 
kinase, 5 mL of LB/ampicillin (100 μg/mL) was inoculated with a single colony of 
BL-21(DE3) containing pET-15b with B. subtilis MTR 1-P isomerase or MTR 
kinase (11) and then incubated 16-18 hours at 37 °C with shaking.  After 
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incubation, the 5 mL culture was used to inoculate 2 L (MTR 1-P isomerase) or 4 
L (MTR kinase) of LB/ampicillin (100 μg/mL) that was then shaken at 220 rpm at 
37 °C for 16-18 hours. 
The cells were harvested by centrifugation at 4,500 rpm (3000 x g) in a 
Beckman Coulter Avanti J-25 centrifuge and then resuspended in 60 mL of 5 mM 
imidazole, 0.5 M NaCl, 20 mM Tris-HCl (pH 7.9), and 5 mM MgCl2.  The 
resuspended cells were sonicated and then centrifuged at 15,000 rpm (31,000 x 
g) for 50 minutes to clear the lysate.  The lysate was then loaded onto a Ni2+ 
charged Sepharose Fast Flow column (1.5 cm x 30 cm, GE Healthcare). The 
column was washed with 60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl (pH 
7.9), and 5 mM MgCl2.  The protein was eluted from the column with a 60 mM to 
1 M imidazole linear gradient over 250 mL with 20 mM Tris-HCl (pH 7.9), 5 mM 
MgCl2, and 0.5 M NaCl.  Presence of protein of interest was confirmed by SDS-
PAGE.  Fractions were pooled and dialyzed three times against: 20 mM K+ 
phosphate buffer (pH 7.8) and 5 mM MgCl2 for MTR 1-P isomerase and 20 mM 
Tris-HCl (pH 7.8), 5 mM MgCl2, and 100 mM NaCl for MTR kinase.  After 
dialysis, enzyme was concentrated using a Millipore Amicon stirred cell and a 
30,000 NMWL ultrafiltration membrane and stored at -80 C.  
 
2.2.8.2. O. anthropi MTR 1-P isomerase  
 O. anthropi MTR 1-P isomerase was expressed and purified by my 
collaborators at New York-Structural GenomiX Research Consortium 
(NYSGXRC) in the Albert Einstein College of Medicine. 
 
2.2.8.3. O. anthropi MTR kinase 
 O. anthropi MTR kinase was expressed and purified using the protocol for 
B. subtilis MTR kinase except that the storage buffer was 10 mM Bicine-HCl (pH 
7.8), 5 mM MgCl2, and 100 mM NaCl. 
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2.2.8.4. R. rubrum cupin and mutants 
The R. rubrum MTXu 5-P methylsulfurylase gene was synthesized with 
codons optimized for heterologous expression in E. coli and then ligated into 
pSGX3 (15).  This plasmid was transformed into E. coli BL-21 and plated on LB 
plates containing 50 μg/mL kanamycin.  A single colony was restreaked on 
LB/kanamycin plates. A single colony was then used to inoculate 10 mL of LB 
containing 100 μg/mL kanamycin; the culture was grown for 16-18 hours at 37 C 
with shaking at 220 rpm.  The cultures were used to inoculate 2 baffled 2.8 L 
Fernbach flasks containing 500 mL of ZYP-5052 (16) and 100 μg/mL kanamycin. 
The cultures were grown at 37 C with shaking for 5 hours before the 
temperature was reduced to 22 C followed by 18 hours of additional shaking. 
The cells were harvested and lysed by sonication.  The lysate was 
clarified by centrifugation at 14,500 rpm (31,000 x g) for 50 minutes at 4 C.  The 
clarified extract was loaded onto a Ni2+ Chelating Sepharose Fast Flow column 
(1.6 x 30 cm; GE Healthcare); the cupin was eluted with a linear gradient of 20 to 
500 mM imidazole containing 20 mM Na+HEPES (pH 7.9), 500 mM NaCl, and 
10% glycerol.  Fractions containing the cupin as determined by SDS-PAGE were 
pooled and concentrated using a Millipore Amicon stirred cell with a 10,000 
NMWL ultrafiltration membrane.  The concentrated fractions were loaded onto a 
size exclusion column (Sephacryl S200, 2.75 x 68 cm; GE Healthcare) 
prewashed with 20 mM Na+HEPES (pH 7.9), 150 mM NaCl, and 10 % glycerol.  
Fractions containing cupin were pooled and concentrated.  The cupin 
concentration was determined by A280 (MW: 18,333.5 Da, EC: 22460 M
-1cm-1), 
aliquoted, and stored at -80 C. 
 
2.2.9. Determination of oligomeric state of R. rubrum cupin 
All data was collected with a Beckman System Gold chromatography 
system with 168 detector and 125 solvent module using a Biosuite 125, 4 µM 
UHR SEC column (4.6 x 300 mm, 5 mL total volume).  Prior to use, the column 
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was washed for 16-18 hours with degassed ddH2O at 0.1 mL/min.  The next day, 
the column was equilibrated with degassed running buffer (50 mM Na+ 
phosphate buffer (pH 7.2), 10% glycerol, and 150 mM NaCl) for 2 hours at 0.2 
mL/min.  R. rubrum cupin was prepared in two different ways: dialyzed in running 
buffer and undialyzed.  Standards used were purchased from Bio-Rad (Cat# 151-
1901) and re-suspended in running buffer. Samples were loaded onto the column 
(40 μL) and run at 0.25 mL/min in 100% running buffer while monitoring A280.  
After use, the column was washed with degassed ddH2O for five hours at 0.1 
mL/min and then degassed 20% ethanol/80% ddH2O for 16-18 hours. 
 
2.2.10. 1H NMR for MTR 1-P isomerase activity with O. anthropi MTR 1-P 
isomerase 
The following reaction mixture was prepared to a final volume of 800 μL of 
D2O: 20 mM K
+ phosphate buffer (pH 7.9), 5 mM MgCl2, 15 mM NaHCO3, 5 mM 
MTR 1-P, and 10 μM O. anthropi MTR 1-P isomerase.  The reaction was left at 
room temperature for 16-18 hours.  After incubation, the 1H spectrum was 
acquired. 
 
2.2.11. 1H NMR assay for R. rubrum MTXu 5-P methylsulfurylase activity 
Production of DXP from MTXu 5-P was monitored by 1H NMR with solvent 
suppression.  The reactions (700 μL) in 100% H2O contained: 20 mM Tris-HCl 
(pH 7.9), 15 mM NaHCO3, 1 mM MgCl2, and 10 mM MTR 1-P.  MTRu 1-P was 
produced in situ by adding MTR 1-P isomerase to a final concentration of 5 μM 
followed by incubation for 1 hour.  Immediately before inserting samples into the 
spectrometer, 100 μL of D2O was added.  The spectrum for MTRu 1-P was 
acquired, and then the R. rubrum RLP was added to a final concentration of 5 
μM; the reaction was monitored to assess completion (45 – 60 min).  DTT was 
added to a final concentration of 10 mM, and then cupin was added to a final 
concentration of 10 μM.  The progress of the reaction was monitored by NMR; 
typically, the reaction was complete within 10 min.  DXP in H2O, 500 MHz, δ (in 
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ppm) = 2.16 s, 3.74 t, 4.21 dt, 4.37 d.  MTXu 5-P and MTRu 5-P in H2O, 500 
MHz, δ (in ppm) = 1.94 s, 1.96 s, 3.54 m, 3.86-3.68 m, 4.17 dt, 4.43 d, 4.54 d. 
 
2.2.11.1. 1H NMR assay to determine the mechanism of MTXu 5-P 
methylsulfurylase 
To show which of the two proposed mechanisms was occurring, the 
following reaction was prepared in 700 μL 100% D2O: 5 mM purified mixture of 
MTXu 5-P and MTRu 5-P (product of the RLP reaction in 100% H2O), 20 mM 
Tris-HCl (pH 7.9), 1 mM MgCl2, and 15 mM NaHCO3.  A spectrum was acquired, 
and then DTT and MnCl2 were added to final concentrations of 10 mM and 1 
mM, respectively.  The cupin was added to a final concentration of 10 μM. 
 
2.2.12. UV/Vis assay for R. rubrum cupin 
  A coupled-enzyme assay was used in which the DXP produced was 
converted to 2-methyl-erythritol-4-phosphate by DXP reductoisomerase from E. 
coli (DXR; GI:16128166) in the presence of NADPH (17).  The reaction (200 μL) 
contained: 100 mM Tris-HCl (pH 7.9), 2.5 mM MgCl2, 0.4 mM NADPH, 10 μM 
DXR, and 0.05 μM cupin. Reductant concentrations were:  10 mM for DTT, 
glutathione, and TCEP; 5 mM for DHLA; 1 mM for L-cysteine; and 500 μM CoA.  
All reductants were dissolved in the reaction buffer (100 mM Tris-HCl (pH 7.9) 
and 2.5 mM MgCl2) before adjusting the pH to 7.9. The reaction was monitored 
at 360 nm (EC: 4300 M-1 cm-1).  Data were fitted to either Michaelis-Menten or 
substrate inhibition equations in Enzfitter and plotted in Kaleidagraph. 
 
2.2.13. UV/Vis assay for R. rubrum RLP kinetic parameters 
The reaction (200 μL) contained: 100 mM Tris-HCl (pH 7.9), 2.5 mM 
MgCl2, 0.4 mM NADPH, 10 μM DXR, 10 mM DTT, and 1 μM cupin.  DTT was 
dissolved directly into the reaction buffer (100 mM Tris-HCl (pH 7.9) and 2.5 mM 
MgCl2) before adjusting pH to 7.9. The reaction was monitored at 360 nm (EC: 
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4300 M-1 cm-1).  To assay the RLP, MTRu 1-P (generated in situ using MTR 1-P 
and 10 μM MTR 1-P isomerase) used as the substrate and R. rubrum RLP was 
0.25 μM. Data were fitted to either Michaelis-Menten or substrate inhibition 
equations in Enzfitter and plotted in Kaleidagraph. 
 
2.2.13.1. Preparation of dihydrolipoic acid (DHLA) 
DHLA was prepared according to the protocol of Gunsalus et al (18).  To a 
10 mL round-bottom flask, 206.33 mg of (±)-α-lipoic acid and 4 mL of 0.5 M 
NaHCO3 was added.  The solution was stirred on ice for five minutes before 
adding 40 mg of NaBH4.  After 30 minutes, 4 mL of benzene was added and then 
the reaction mixture was acidified with 5 M HCl.  The benzene was collected, 
concentrated to dryness, and then resuspended with 50 mL 100 mM Tris-HCl 
(pH 7.9) and 2.5 mM MgCl2.  The pH was adjusted to 7.9 prior to use to give a 
final concentration of 5 mM of the active R-DHLA. 
 
2.2.14. UV/Vis assay for determining the R. rubrum cupin physiological reductant 
Reactions (200 μL) contained: 100 mM Tris-HCl (pH 7.9), 500 μM MTXu 
5-P, 2.5 mM MgCl2, 0.4 mM NADPH, 10 μM DXR, and 0.05 μM cupin. All 
reductants were dissolved directly into the reaction buffer (100 mM Tris-HCl (pH 
7.9) and 2.5 mM MgCl2) before adjusting pH to 7.9. The reaction was monitored 
at 360 nm (EC: 4300 M-1 cm-1).  Data were fitted to either Michaelis-Menten or 
substrate inhibition equations in Enzfitter and plotted in Kaleidagraph. 
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2.3. Results 
2.3.1. Proposed pathway for RLPs in a transketolase containing genome context 
To determine the pathway utilized by the Deep Ykr RLP members in an 
genome context with the two-part transketolase, three homologous genome 
contexts were targeted for functional determination from the following organisms: 
Ochrobactrum anthropi, Oceanicola granulosus, and Thermotoga lettingae.  After 
extensive cloning and solubility screening, I determined that only MTR kinase of 
O. anthropi and MTA nucleoside phosphorylase of O. granulosus were soluble.  
No activity was observed for the MTA nucleoside phosphorylase from O. 
granulosus.  MTR kinase from O. anthropi had MTR kinase activity as expected.  
My collaborators at NYSGXRC were able to isolate soluble MTR 1-P isomerase 
from O. anthropi that had the expected function, the conversion of MTR 1-P to 
MTRu 1-P (Figure 2.14).   
 
 
Figure 2.14  A) The O. anthropi MTR 1-P isomerase reaction converting B) MTR 1-P to C) 
MTRu 1-P. 
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 One of the major foci of this investigation was isolation of the 
heterodimeric transketolase that distinguishes these genome contexts.  My 
efforts included: expressing the genes from a single T7 promotor (pET-15b); 
expressing and purifying each separately; fusing the two genes together and 
expressing; increasing solubility by addition of a maltose binding domain (pMal-
C2X); and expressing without any tags (pET-17b).  Every attempt made was 
stopped by insolubility. 
 Although it was unfortunate that active transketolase was not isolated, my 
studies on R. rubrum cupin as well as the bioinformatic analysis above (2.1.5.2) 
suggest a reaction and mechanism.  Both the cupin containing genome contexts 
and two-part transketolase genome contexts contain the genes necessary to take 
MTR to MTXu 5-P where the cupin generates DXP, while the transketolase 
function is unknown.  In a BLASTP search, transketolase 2 showed similarity with 
DXP synthase that catalyzes the formation of DXP from glyceraldehyde 3-
phosphate and pyruvate with the loss of CO2 (19).  Seeing the connection 
between DXP synthase and the cupin, it is straightforward that the transketolases 
catalyzes a reaction with the DXP-like molecule, MTXu 5-P or MTRu 5-P.  
Whereas the cupin and DXP synthase would generate DXP, there is no obvious 
way to do so with the transketolases.  Instead, it may be more plausible for the 
transketolases to catalyze the reverse DXP synthase reaction to break down 
MTXu 5-P to glyceraldehyde 3-phosphate, methanethiol, and acetate (Figure 
2.15).   
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 The reaction starts with nucleophilic attack of the C2 carbonyl by the ylide 
of thiamine-pyrophosphate (TPP) (20).  Abstraction of the C3 hydroxyl proton 
leads to scission of the carbon-carbon bond between C2-C3 and formation of 
glyceraldehyde 3-phosphate.  At this point glyceraldehyde 3-phosphate would be 
released to yield the activated aldehyde.  When the lone pair electrons on N3 
reform the double bond between N3 and C2 of the thiazolium group, this forces 
the double bond electrons between C2 of TPP and C2 of methylthioacetate to 
move between C1 and C2 of methylthioacetate.  The formation of the double 
bond between C1 and C2 of methylthioacetate allows methanethiol to dissociate 
from C1.  Abstraction of the C2 hydroxyl would form a carbonyl and push the 
double bond electrons to attack a proton forming the methyl group on C1.  To 
release acetate, H2O is activated to attack the C2 carbonyl to generate a gem-
diol at C2.  A final C2 hydroxyl proton abstraction leads to bond cleavage 
between acetate and TPP as well as reformation of the ylide 
 
Figure 2.15 Possible mechanism for two-part transketolases. 
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 Putting the proposed transketolase mechanism into context with the 
genome context proteins, a possible pathway can be constructed that closely 
matches that of the R. rubrum MTA-isoprenoid shunt (Figure 2.16). 
 The genome context of the O. anthropi RLP lacks a nucleosidase to 
convert MTA to MTR, but a promiscuous enzyme most likely exists in the 
genome.  Both the MTR kinase and MTR 1-P isomerase have been functionally 
assigned as mentioned above, so that MTR can be converted to MTR 1-P and 
then MTRu 1-P.  The active site residues conserved from RuBisCO in both R. 
rubrum RLP and O. anthropi RLP are essentially the same (Figure 2.3), 
suggesting that both enzymes catalyze the same reaction, conversion of MTRu 
1-P to a mixture of MTXu 5-P and MTRu 5-P.  From here, the transketolases 
would act to generate methanethiol, glyceraldehyde 3-P, and acetate (Figure 
2.16).   
 
 
 
 
 
Figure 2.16 Possible pathway for RLP genome contexts containing the two part transketolase. 
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2.3.1.1. Proposed pathway for O. granulosus RLP genome context 
 Of the three genome contexts analyzed (O. anthropi, O. granulosus, and 
T. lettingae), O. granulosus has the most diverse genome context.  Whereas the 
others always encode MTR kinase, MTR 1-P isomerase, RLP, transketolase 1, 
and transketolase 2; O. granulosus encodes RLP, transketolase 1, transketolase 
2, MTR 1-P isomerase, MTA/MTI nucleoside phosphorylase (suspected 
function), and a putative N-ethylammeline chlorohydrolase.  The genome context 
appears to take MTA to MTXu 5-P and MTRu 5-P through the known functions 
and to methanethiol, acetate, and glyceraldehyde 3-phosphate through the 
proposed transketolase mechanism without an obvious function for the N-
ethylammeline chlorohydrolase. 
 A BLASTP search of the N-ethylammeline chlorohydrolase shows 
homology to 5-methylthioadenosine/S-adenosylhomocysteine deaminase.  When 
the sequence was compared to the SAH/MTA/adenosine deaminase of 
Thermotoga maritima MSB8 (Tm0936, GI: 15643698) there are several major 
similarities and small differences (18).  The major similarities are the 
conservation of metal-binding residues, catalytic residues, and two out of three 
substrate specificity residues (Figure 2.17).  The small differences are the lack of 
conservation of the residues associated with homocysteine moiety interaction 
(Arg136 and Arg148) and the change of Glu84 to Ala.  For the latter difference, 
Ala84 is flanked by Glu83 and Glu85 that may be involved in substrate 
specificity.  As to the former difference, the lack of homologous residues for 
Arg136 and Arg148 means that the substrate of O. granulosus amidohydrolase 
does not have the homocysteine moiety and is most likely MTA.  If this is correct, 
55 57 75 84 136 148 173 200 203 228 253 279 283
T. maritima 
SAH/MTA/Adenosine 
deaminase
H H W E R R H H E H S D S
O. granulosus 
Amidohydrolase
H H F A P G H H E H S D S
 
Figure 2.17 Partial multiple sequence alignment of T. maritima MSB8 Tm0936 and O. 
granulosus amidohydrolase.  Residues colored in magenta are the metal-binding residues, 
orange residues are for substrate specificity, green for catalysis, and red for interacting with 
homocysteine. Numbering references the T. maritima MSB8 sequence. 
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then the amidohydrolase is actually an MTA deaminase.  Taken together with 
what is known or hypothesized about the O. anthropi RLP genome context, the 
following pathway can be proposed (Figure 2.18). 
 Recently, the function of MTA deaminase from Pseudomonas aeruginosa 
PAO1 was discovered (21).  The MTA deminase from O. granulosus has 35% 
sequence identity with that from P. aeruginosa PAO1 that has a kcat/KM of 160 x 
105 M-1sec-1 for the conversion of MTA to MTI.  The results are consistent with 
the bioinformatic analysis above with the added wrinkle that the authors connect 
MTA production to quorum sensing. 
 
2.3.2. R. rubrum cupin 
Although my efforts in the Deep Ykr RLP family did not yield soluble 
proteins of interest, my collaborators at Albert Einstein College of Medicine 
(AECOM) were able to generate soluble R. rubrum cupin, a protein adjacent to 
the functionally characterized R. rubrum RLP.  In Erb et al. this protein was 
shown to convert MTXu 5-P to DXP with the aid of DTT (Figure 2.2) without an 
in-depth enzymological characterization.  
 
Figure 2.18 Proposed pathway for O. granulosus genome context. 
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2.3.2.1. Determination of oligomeric state of R. rubrum cupin using HPLC 
 
 
The oligomeric state of R. rubrum cupin was determined by HPLC using a 
size-exclusion column.  Five samples were loaded onto the column (Figure 2.19): 
standards (black line), cupin dialyzed into running buffer (green line), cupin 
(blue), cupin C121S (red line), and AECOM produced cupin (magenta line).  
Comparing the cupin dialyzed into the running buffer to the undialyzed sample, 
the oligomeric state remains the same (Table 2.2). When comparing enzyme 
produced in my lab to that produced by my collaborators, I see no difference in 
oligomeric state (Table 2.2).  Lastly, the cupin C121S mutant has the same 
retention time as the WT cupin, meaning that oligomeric state is unaffected by 
the mutation.  From the data (Table 2.2), R. rubrum cupin is assigned an 
 
Figure 2.19 HPLC chromatogram showing the oligomeric state of R.rubrum cupin. The 
standards (black line) are labeled with the contents of each peak and its molecular weight.  R. 
rubrum cupin of several types were screened: dialyzed into the running buffer (green), normal 
enzyme buffer (blue), prepared by collaborators at AECOM (pink), and R. rubrum cupin 
C121S (red). 
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octameric oligomeric state.  The deviations summarized in Table 2.2 originate 
from drift in retention in the column over the time analyzed. 
 
 
 
 
 
 
 
 
 
 
 
2.3.2.2. 1H NMR assay of R. rubrum cupin. 
The R. rubrum cupin was reacted with the products of R. rubrum RLP 
(MTXu 5-P and MTRu 5-P) in H2O by 
1H NMR with solvent suppression (Figure 
2.20).  The reaction is the conversion of MTXu 5-P to DXP in the presence of 
DTT (Figure 2.20A) (4).  RLP products alone are shown in Figure 2.20B with 
peaks for each molecule identified by a colored bar over the peak (red for MTRu 
5-P and blue for MTXu 5-P).  When cupin was added (Figure 2.20C), I see the 
disappearance of peaks associated with MTXu 5-P and the formation of peaks 
associated with DXP.  For comparison, a 1H NMR spectrum of authentic DXP 
was acquired under the same conditions (Figure 2.20D).  The peak at 1.9 ppm 
(Figure 2.20C, magenta bar) is the methanethiol released during formation of 
DXP.  I confirm that R. rubrum cupin preferentially converts MTXu 5-P to DXP. 
Table 2.2 
Sample
Retention 
Time (min)
Molecular 
Weight 
(kDa)
Oligomeric 
State
Dialyzed Cupin 12.7 144 8
Undialyzed Cupin 12.717 142 7.9
Undialyzed Cupin 
C121S
12.817 134 7.4
AECOM Cupin 12.8558 130 7.2  
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2.3.2.3. UV/Vis assay of R. rubrum cupin 
Kinetic parameters were determined using a novel coupled assay that 
took advantage of DXP reductoisomerase to convert DXP to 2-methyl-erythritol 
4-phosphate while converting NADPH to NADP+. 
 
 
Figure 2.20 (A.) MTXu 5-P methylsulfurylase converts MTXu 5-P to DXP. (B.) MTXu 5-P and 
MTRu 5-P produced in situ with R. rubrum RLP. (C.) R. rubrum cupin reaction with MTXu 5-P 
and MTRu 5-P. (D.) Authentic DXP. 
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Of the reductants tested, DTT gave the best kinetic parameters (7.8 sec-1 
for kcat, 39 μM for KM, and 2 x 10
5 M-1sec-1 for kcat/KM), while TCEP gave the 
worst (0.13 sec-1 for kcat, 46 μM for KM, and 2.9 x 10
3 M-1sec-1 for kcat/KM).  The 
catalytic efficiency for TCEP is abnormally high, on the order of 103, and was 
expected to be much lower since the ionized phosphorus is sterically hindered 
Table 2.3 
Reductant
kcat 
(sec
-1
)
Km 
(uM)
kcat/Km 
(M
-1
sec
-1
)
KI 
(uM)
CoA 9.6 94 1.00E+05
DTT 7.8 39 2.0E+05 611
DHLA 4.3 46 9.3E+04 454
L-Cysteine 
(1mM)
2.1 42 5.1E+04 360
Glutathione 0.19 42 4.5E+03
TCEP 0.13 46 2.9E+03  
 
Figure 2.21 Reductants tested for the R. rubrum cupin reaction. A) The pantethine group of 
CoA, B) Glutathione, C) DHLA, D) L-cysteine, E) DTT, F) TCEP.  Elements involved in reduction 
are colored in red. 
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(Figure 2.21F).  The cause of this “high” activity could be the result of the cupin 
being highly promiscuous with respect to the reductant used.  The active site is 
open to solvent (Figure 2.5B) so is accessible for reductants of different sizes.   
 
2.3.2.4. Determination of the physiological reductant of R. rubrum cupin 
To resolve the ambiguity about the physiological reductant in the cupin 
reaction, I determined the KM of the cupin for each of the reductants tested 
(Table 2.4). 
 
 
 
 
 
 
 Of the reductants tested, CoA had the lowest value of KM
reductant (50 μM) 
while DTT had the highest (7 mM).  Previously, DTT gave some of the best 
values of kcat and KM for the RLP products.  The large value of KM
reductant for DTT 
is expected because DTT does not occur naturally. 
Dihydrolipoic acid (DHLA) was tested because of its structural similarity to 
DTT and the presence of the gene encoding a LipB octanoyltransferase adjacent 
to gene encoding the R. rubrum RLP.  LipB catalyzes the transfer of the octanoyl 
skeleton of lipoic acid or fully formed lipoic acid from acyl-carrier protein to the 
active site lysine of the cognate enzyme (22).  The KM
reductant for DHLA is very 
high; I attribute this to DHLA being free from enzyme.  As mentioned before, the 
active site of the cupin is open to the solvent (Figure 2.5B).  The open active site 
of the cupin may indicate a protein-protein interaction that allows the enzyme-
bound DHLA to enter the cupin active site.   
The cupin had the second lowest KM
reductant (400 μM) for L-cysteine hinting 
at a common methylene sulfide moiety.  This commonality exists between the 
pantethine group of CoA (ethyl sulfide), the L-cysteine side chain, and the L-
Table 2.4 
Reductant KM
reductant 
(mM)
KI
reductant 
(mM)
CoA 0.05 8
L-Cysteine 0.4 20
Dihydrolipoic acid 5 9
L-Glutathione 6 20
Dithiothreitol 7  
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cysteine side chain of glutathione.  If the methylene sulfide moiety is a key part, 
then I expect glutathione to have a KM
reductant lower than the observed 6 mM.  
Glutathione differs from L-cysteine and the pantethine group of CoA because the 
cysteine α-carbon is connected to glutamate and glycine possibly making it 
difficult to bind in the active site (Figure 2.21B).  When taken as a whole, the 
preceding in vitro data suggests that the physiological reductant is CoA, but 
recent work has shown this not to be the case.  
Recent research from the Enzyme Function Initiative conducted by Brad 
Evans, Kyuil Cho, Ritesh Kumar, and McKay Wood has demonstrated that 
glutathione is the physiological reductant and not CoA.  Using metabolomics, 
they have shown that glutathione forms a methanethiol adduct.  Maria Merced 
Malabanan of the Armstrong laboratory identified a glutathione reductase in R. 
rubrum with specifity towards the glutathione-methanethiol adduct to produce 
glutathione and free methanethiol.  Further examination with RNAseq analysis 
showed that this glutathione reductase is upregulated in R. rubrum when grown 
on MTA versus MgSO4 as the sole sulfur source.  Their combined data shows 
that glutathione is the physiological reductant. 
 
2.3.2.5. Determination of R. rubrum cupin mechanism 
 
 
Figure 2.22 Possible mechanism for MTXu 5-P methylsulfurylase, where R stands for 
reductant. 
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There are two likely mechanisms for the cupin reaction, both of which 
involve the removal of methanethiol, reduction of a reductant, and generation of 
DXP (Figures 2.22 and 2.23).  The first mechanism (Figure 2.22) involves the 
abstraction of the C3 proton to generate a double bond between C2 and C3.  
Abstraction of the C3 hydroxyl proton generates a carbonyl at C3 that moves the 
double bond electrons between C1 and C2 leading to the elimination of 
methanethiol.  Another proton abstraction leads to the formation of a carbonyl at 
C2 allowing the double bond electrons to attack a proton and form the C1 methyl 
group of DXP.  An active site cysteine then performs a nucleophilic attack on C3 
to generate a covalently bound intermediate.  At this stage, the reductant enters 
the active site and form a disulfide bond with the active site cysteine covalently 
bond to the intermediate.  As the active site cysteine is released from the 
intermediate, a double bond forms between C2 and C3.  Reformation of the C2 
carbonyl leads to acquisition of a proton to form DXP.  A second reductant 
molecule enters the active site to re-generate the active site cysteine. 
The second possible mechanism starts with abstraction of the 
methanethiol by the active site cysteine to generate a double bond between C1 
and C2 with the enolate anion coordinated to the active site manganese.  When 
the carbonyl reforms at C2, C1 acquires a proton to form the methyl group of 
DXP and leaving the methanethiol covalently bond to the active site cysteine.  
Now, the reductant can enter the active site to regenerate the cysteine for the 
next round of catalysis. 
 
Figure 2.23 Proposed mechanism of the MTXu 5-P methylsulfurylase. 
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We determined that the second mechanism is the one used by the cupin 
in two ways: 1H NMR and mass spectrometry.  A key element of the mechanism 
in Figure 2.22 is the loss of the proton at C3.  I generated a protiated mixture of 
R. rubrum RLP products (MTXu 5-P and MTRu 5-P) and then assayed the wild 
type cupin in 100% D2O.  If the mechanism in Figure 2.22 is used, then I will see 
a loss of intensity for the C3 proton signal.  Alternatively, if the mechanism shown 
in Figure 2.23 is used, I will see no change in intensity for the C3 proton signal.  
The results of this experiment are shown in Figure 2.24. 
The peaks associated with the C3 proton (Figure 2.24B, 4.56 ppm blue 
asterisk) are very distinct before adding the cupin to the reaction mixture.  After 
adding the cupin, the C3 proton peak moves to 4.4 ppm (green asterisk) and 
retains its intensity.  This means that the cupin uses the mechanism shown in 
Figure 2.23 because the reaction mechanism from Figure 2.22 cannot retain the 
peak intensity at C3 during formation of DXP.   
Mass spectrometry data generated by Dr. Brad Evans showed the 
presence of methanethiol on Cys121, the active site cysteine (23).  His data 
 
Figure 2.24 
1
H NMR assay to differentiate between the two possible mechanisms. A) The 
reaction catalyzed by the cupin, B) Protiated RLP products in 100% D2O, C) Cupin reacting 
with protiated products in 100% D2O. 
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showed that after incubating cupin with RLP products in the presence of limiting 
DTT, there was a mass increase of 46 units that matches the molecular weight of 
ionized methanethiol.  When the cupin with the 46 unit increase was trypsin 
digested and run on a tandem mass spectrometer, the 46 unit increase was 
localized to Cys121. 
 
2.3.3. Site-directed mutagenesis of Cys121 
 After determining the correct mechanism for the MTXu 5-P 
methylsulfurylase, I mutated Cys121 to Ser and assayed it with my UV/Vis 
coupled assay.  From that analysis, I found that the Ser121 mutant had kcat of 
0.088 sec-1, KM of 35 µM, and kcat/KM of 2.5 x 10
3 M-1sec-1.  One would expect a 
total loss of activity with the Cys changed to Ser, but I observe a preferential 
decrease in kcat.  It is possible that Ser might be able to catalyze the reaction at a 
fraction of the rate of Cys.  To test the latter, the Cys121 to Ala mutant was 
constructed and assayed.  The C121A mutant had no activity when assayed with 
MTXu 5-P as a substrate.  Confirming that Cys121 is the active site base and 
revealing that mutation to serine can still catalyze the cupin reaction with reduced 
kcat. 
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2.3.4. Determination of R. rubrum RLP kinetic parameters 
With the cupin activity elucidated, I was able to devise a UV/Vis 
spectrometric assay for the kinetic parameters of the kinetically uncharacterized 
R. rubrum RLP (1,3-isomerase).  My data show the RLP has a kcat of 1.34 
(±0.03) sec-1, KM of 50 (±7) µM, and kcat/KM of 2.7 x 10
4 (±0.3 x 104) M-1 sec-1.  
This closely matches the previously estimated kcat value of 0.5 sec
-1 from Imker, 
et al. (1). 
 
2.4. Conclusions 
Previous research showed that the Deep Ykr RLP from R. rubrum 
catalyzes the conversion of MTRu 1-P to a mixture of MTXu 5-P and MTRu 5-P.  
At the time, there was a concern that this was not the physiological reaction.  
These concerns turned out to be unfounded, as subsequent functional annotation 
of the MTXu 5-P methylsulfurylase confirmed that MTXu 5-P was produced by 
the RLP.  Attempts made to functionally characterize other RLPs from the Deep 
Ykr RLP family have been unsuccessful as have attempts to mechanistically 
characterize R. rubrum RLP.  To discover function homogeneity within the Deep 
Ykr RLPs, I need to screen more buffer conditions to obtain solubility. For 
 
Figure 2.25 Michaelis-Menten curve for R. rubrum RLP using the cupin-DXR coupled assay. 
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instance, heterologous expression O. anthropi RLP was very good, but soluble 
protein was never isolated. 
In an effort to identify the biological function of the Deep Ykr RLPs, I 
cloned and purified the genes adjacent to the RLP.  Of the genes purified, the 
only soluble protein I produced was the MTR kinase of O. anthropi that had 
activity as expected.  My collaborators purified the MTR 1-P isomerase from O. 
anthropi and that produced MTRu 1-P as expected.  From the genome context of 
the Deep Ykr RLPs, there are two unique pathways for dealing with MTA: the 
cupin and the transketolase pathways.  The cupin pathway has been shown by 
Erb et al. to channel MTA produced during polyamine biosynthesis to isoprenoid 
biosynthesis (5).  The transketolase pathway has not been functionally 
characterized, but the genome context encodes the enzymes that convert MTA 
to a mixture of MTXu 5-P and MTRu 5-P.  Then the RLP products likely are 
converted by the transketolases to methanethiol, acetate, and glyceraldehyde 3-
P.  So far, efforts to isolate soluble transketolase have not been successful. 
Our collaborators were able to isolate soluble protein for the MTXu 5-P 
methylsulfurylase (cupin) adjacent to the R. rubrum RLP and R. palustris RLPs.  I 
was able to determine the function and mechanism of the cupin.  The function is 
the conversion of MTXu 5-P to DXP through abstraction of the methanethiol 
group by Cys121.  Recent work by the Enzyme Function Initiative suggests that 
physiological reductant is glutathione.  This cupin appears in the majority of the 
Deep Ykr RLP genomes. 
Using a novel assay developed for the study of the cupin, the R. rubrum 
RLP could be kinetically characterized.  I show that the kinetic parameters are: 
kcat of 1.34 (±0.03) sec
-1, KM of 50 (±7) µM, and kcat/KM of 2.7 (±0.3) x 10
4 
M-1sec-1.  With a quantitative assay available, I can now determine the effect of 
site-directed mutagenesis on the kinetic course of the reaction.   
To get a deeper understanding of the Deep Ykr RLPs, future research will 
need to address several issues. The first is the fate of the methylthioribosyl 
moiety of MTA in the transketolase pathway containing organisms.  Second, I 
need to confirm that the RLPs in transketolase pathways are catalyzing the same 
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reaction as the R. rubrum RLP.  Third, the mechanism of the R. rubrum RLP 
needs to be determined so that the correlations with the RuBisCO mechanism 
can be uncovered.  
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3. CHLOROBACULUM TEPIDUM / PHOTO RLP FAMILY 
The Photo RLPs are so-named because the majority of the members 
come from phototrophic bacteria.  Chlorobaculum tepidum RLP was the first RLP 
discovered and remains functionally unannotated.  I investigated this enzyme 
and present new data towards understanding its function.  Section 3.1 outlines 
published data including a bioinformatic analysis of the members and their 
genome contexts.  Section 3.3 shows the results of my investigation: the C. 
tepidum RLP catalyzes the 1,3-isomerase reaction observed for the Deep Ykr 
family RLP from R. rubrum at temperatures above room temperature, site-
directed mutagenesis revealed the importance of several active site residues, 
and R. palustris RLP, also from the Photo family, showed activity when assayed 
with MTRu 1-P. 
3.1. Chlorobaculum tepidum / Photo RLPs background 
3.1.1. Chlorobaculum tepidum RLP involved in sulfur metabolism 
The first RLP discovered and investigated is from Chlorobaculum tepidum 
(formerly Chlorobium tepidum (1)), but its function has remained elusive since its 
discovery.  Initial characterization involved disruption of the RLP gene by 
insertion of the Ω cassette (2) showing the following pleiotropic phenotype: 20% 
less bacteriochlorophyll produced, 3- to 4-fold defect in photoautotrophic growth 
rate, a 4-fold increase in accumulation of elemental sulfur granules, and a 3- to 4-
fold increase in superoxide dismutase activity.  They ameliorated the defect in 
growth rate by adding 0.5 mM L-cysteine to the growth medium.  Investigators 
hypothesized that this resulted from a defect in sulfur oxidation due to the 
disrupted RLP synthesizing or recycling a small molecular weight thiol 
compound. At this time, there is no immediate connection between a small 
molecular weight thiol compound and bacteriochlorophyll production.   
The gene disruption of the C. tepidum RLP is reminiscent of the R. rubrum 
disrupted RLP strain (3).  When the R. rubrum RLP gene was disrupted, 
researchers observed a 10% decrease in carotenoid production; the RLP is now 
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known (see Chapter 2) to be involved in synthesizing a small molecular weight 
thiol compound (a mixture of methylthio-D-xylulose 5-phosphate and methylthio-
D-ribulose 5-phosphate) to feed into isoprenoid biosynthesis which leads to 
carotenoid production.  The C. tepidum disrupted RLP strain displayed a 
pleiotropic phenotype under normal growth conditions suggesting that it has a 
housekeeping function, such as metabolism of a small molecule.  The R. rubrum 
disrupted RLP strain displayed a decrease in methanethiol production with either 
MTA or sulfate as the sole sulfur sources demonstrating that it is also performing 
a housekeeping function (3).  However, a B. subtilis disrupted RLP strain only 
showed a phenotype when grown on MTA as a sole sulfur source (4).  Further 
research into the C. tepidum disrupted RLP strain showed that the disrupted RLP 
caused a defect in thiosulfate metabolism but not elemental sulfur metabolism 
(5). 
 
3.1.2. Sequence alignment of Photo RLPs 
The Photo RLPs comprise a very distinct branch of RLPs (yellow in Figure 
3.1) with two different subgroups: Chlorobaculum and Rhodopseudomonas.  
Within the C. tepidum/Photo RLPs, the active site residues involved in the 
reaction are completely conserved within the family (Figure 3.2), and there is 64-
95% identity across the entire length of the sequences.  The Photo RLPs have 
changed 9 of the 17 important active site residues from authentic RuBisCO 
preventing carboxylation of RuBP (2). 
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From an analysis of the non-conserved residues from RuBisCO, the C1 
phosphate binding site in these RLPs replaces two of the three glycines with 
serine and arginine.  These changes occlude the backbone amine-facilitated 
phosphate coordination observed in RuBisCO (PDBID: 1UPM).  The second 
phosphate binding site in RuBisCO (Arg295 and His327) has been changed to 
be hydrophobic in the Photo RLPs (Pro at 295 and Ile at His327).  This closely 
matches that of Deep Ykr and YkrW/MtnW family RLPs from R. rubrum and B. 
subtilis, respectively (Figure 3.2).   
Similar to most other families of RLPs, the catalytic/metal-binding residues 
are completely conserved from RuBisCO (Lys201, Asp203, Glu204, and His294).  
The residues involved in stabilizing the incoming carboxylate and the enediol 
during carboxylation are all changed except for Glu60 (for substrate binding) and 
Lys175 (the acid that protonates the aci-carboxylate form of 3-
phosphoglycerate).  With a Asn to Lys change at position 123 (numbering from 
Spinach RuBisCO), the B. subtilis RLP catalyzes the conversion of 2,3-
 
Figure 3.1 Phylogenetic tree of RuBisCOs and RLPs.   
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diketomethylthiopentane 1-phosphate to 2-hydroxy-3-ketomethylthiopent(1)ene 
1-phosphate by the abstraction of the pro-S proton from C1.  C. tepidum RLP has 
replaced Asn123 (Lys98 in B. subtilis) with Glu which may prevent this enzyme 
from catalyzing the B. subtilis reaction.  
 
3.1.3. Genome context 
Within the Photo RLPs there are two organisms with distinct genome 
contexts: Chlorobaculum and Rhodopseudomonas.  The Chlorobaculum genome 
context is composed of a hypothetical protein with functional/sequence/structural 
homology to E. coli LptE, an oxidoreductase, RLP, aldolase, dehydrogenase, a 
hypothetical protein, and a bacteriochlorophyll hydratase.  The 
Rhodopseudomonas context is much smaller and contains only an RLP and a 
hypothetical protein that shows functional/sequence/structural homology to E. 
coli YjbQ.  I will now describe the genes in each of the two genome contexts to 
gain insight into the function of the RLP and the overall metabolic role of the RLP 
pathway. 
 
GI Organism 60 65 123 175 177 201 202 203 204 294 295 327 334 379 381 403 403
46405 R. rubrum RuBisCO E T N K K K N D E H R H K S G G G
16078423 B. subtilis RLP G S K K V K D D E H P L S S G G G
83593333 R. rubrum RLP E M N K Q K D D H H P I R A G G G
288942247 Alllochroatium vinosum DSM 180 E Q E K N K D D E H F I R G S G R
39933339 Rhodopseudomonas palustris CGA009 E Q E K N K D D E H F I R G S G R
192288694 Rhodopseudomonas palustris TIE-1 E Q E K N K D D E H F I R G S G R
91974942 Rhodopseudomonas palustris BisB5 E Q E K N K D D E H F I R G S G R
86747426 Rhodopseudomonas palustris HaA2 E Q E K N K D D E H F I R G S G R
90421776 Rhodopseudomonas palustris BisB18 E Q E K N K D D E H F I R G S G R
115522450 Rhodopseudomonas palustris BisA53 E Q E K N K D D E H F I R G S G R
194337352 Pelodictyon phaeoclathratiforme BU-1 E Q E K N K D D E H F I R G S G R
189347452 Chlorobium limicola DSM 245 E Q E K N K D D E H F I R G S G R
78189597 Chlorobium chlorochromatii CaD3 E Q E K N K D D E H F I R G S G R
145219279 Chlorobium phaeovibrioides DSM 265 E Q E K N K D D E H F I R G S G R
78186300 Chlorobium luteolum DSM 273 E Q E K N K D D E H F I R G S G R
119357794 Chlorobium phaeobacteroides DSM 266 E Q E K N K D D E H F I R G S G R
189500928 Chlorobium phaeobacteroides BS1 E Q E K N K D D E H F I R G S G R
194334600 Prosthecochloris aestuarii DSM 271 E Q E K N K D D E H F I R G S G R
21674586 Chlorobium tepidum TLS E Q E K N K D D E H F I R G S G R
73621444 Chlorobaculum thiosulfatiphilum E Q E K N K D D E H F I R G S G R
193212103 Chlorobaculum parvum NCIB 8327 E Q E K N K D D E H F I R G S G R
193215412 Chloroherpeton thalassium ATCC 35110 E Q E K N K D D E H F I R G S G R  
Figure 3.2 Partial multiple sequence alignment of C. tepidum/Photo RLPs. Residues are colored 
as follows: green for phosphate binding, orange for catalysis, and blue for enediol stabilization. 
 
88 
 
3.1.3.1. Chlorobaculum genome context 
The first gene in the genome context for the Chlorobaculum RLP family is 
a hypothetical protein with homology to LptE.  When using the sequence from C. 
tepidum (GI: 21674854) as a standard, the homologous sequence in the other 10 
Chlorobaculum genomes have a sequence identity of 45-75%.  The average 
length of the expected gene product is 169 residues.  A BLASTP analysis shows 
LptE domain homology suggesting that this hypothetical gene may be a 
divergent LptE.  LptE is involved in disulfide bond regulation of LptD.  Both LptD 
and LptE work together to translocate lipopolysaccharide across the outer 
membrane (6). 
Next in the genome context is the oxidoreductase (GI: 21674585) that is 
70% identical across oxidoreductase sequences from other Chlorobaculum 
strains.  C. tepidum oxidoreductase shows 34% identity to glucose 1-
dehydrogenase from Bacillus megaterium.  Glucose 1-dehydrogenase catalyzes 
the NAD(P)+ dependent oxidation of β-D-glucose to glucono-1,5-lactone.  The 
crystal structure of classical short-chain dehydrogenase/reductase glucose 1-
dehydrogenase from B. megaterium is known (7, 8), and the conservation of 
active site residues in the Chlorobaculum oxidoreductases will now be examined.  
The residues involved in NAD(P)+ binding for the glucose 1-dehydrogenase 
(Gly14, Gly18, Gly20, Arg39, Asn92, Gly94, Tyr158, Lys162, Gly189, Ile191, 
Thr193, Asn196; B. megaterium numbering) are almost universally conserved in 
the Chlorobaculum RLP clusters with the following exceptions: Arg33 is Ser, 
Ile193 is Val, and Asn196 is either Val or Ile.  This means that the NAD(P)+ 
binding site is still intact.   The residues involved in glucose binding (Glu96, 
Ser145, His147, Typ152, Pro153, Phe155, Lys199, Asp208, Gln257, Ala258, 
Gly259, Arg260, and Gly261) are very different in the Chlorobaculum 
oxidoreductases; Pro153 is the only one of the 13 glucose binding residues 
retained.  After comparing the Chlorobaculum oxidoreductases with glucose 1-
dehydrogenase from B. megaterium, I can annotate them as classical short-chain 
dehydrogenases/reductases that most likely use NAD(P)+.  The substrate of the 
oxidoreductases remains unknown. 
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Following the RLP is an aldolase (GI: 21674587) that is 89% identical 
across Chlorobaculum genomes.  In a BLASTP search, the C. tepidum aldolase 
shows 60% identity to E. coli LsrF.  The exact function of LsrF is not known, but it 
has been implicated in 1-deoxy-2,3-diketo-4-hydroxy-pentane 5-phosphate 
(phospho-autoinducer-2 [AI-2]) degradation (Figure 3.3).  AI-2 is a quorum 
sensing molecule that is involved in interspecies communication.  The 
degradation of AI-2 starts with phosphorylation of the C5 proton by a kinase to 
generate phospho-AI-2 (Figure 3.3 LsrK) followed by isomerization to yield 3-
hydroxy-2,4-diketo-pentane 5-phosphate (phospho-HPD, Figure 3.3 LsrG) (10, 
11).  It is likely that LsrF is acting on 3-hydroxy-2,4-diketo-pentane 5-phosphate.  
The crystal structure of LsrF has been solved (12) and when compared to the 
sequences in the Chlorobaculum genomes, there is complete conservation of 
active site residues associated with the class I aldolase mechanism (Asp57, 
His58, Lys203, Gly226, Gly227, Asp251, Gly253, and Arg254).  E. coli LsrF 
Lys203 is the homologous residue for the Schiff base of the class I aldolases. 
 
Following the aldolase is a dehydrogenase (GI: 21674588) that is 71% 
identical among the Chlorobaculum genomes.  The sequences are between 694 
and 706 residues long with no similarity to any experimentally annotated 
sequence, but a BLASTP search suggests that it is a short-chain 
dehydrogenase/reductase.  To further confirm the uniqueness of the sequence, I 
used the C. tepidum aldolase sequence in a BLASTN search against the NCBI 
 
Figure 3.3 The degradation of AI-2. 
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nucleotide database, and only other Chlorobaculum RLP genome context genes 
showed homology.  
The penultimate gene in the genome context is a hypothetical protein (GI: 
21674589) that is 71-74residueslong and 61-77% identical to the closest 
homolog in the other Chlorobacula.  This sequence shows similarity to no other 
sequences.  
 The final gene in the genome context is annotated as a 
bacteriochlorophyll hydratase (GI:21674590).  Among the Chlorobacula 
homologs, the putative bacteriochlorophyll hydratase is 157 residues long on 
average and shares 67% sequence identity.  The characterized 
bacteriochlorophyll hydratase (BchF) from Rhodobacter capsulatus catalyzes the 
conversion of 3-vinyl bacteriochlorophyllide a to 3-
hydroxyethylbacteriochlorophyllide a (13).  C. tepidum has one other sequence 
that matches BchF from Rhodobacter capsulatus with 35% identity.  Further 
analysis showed that all Chlorobaculum genomes with the RLP genome context 
have at least two BchF-like genes.  The other BchF-like genes appear in genome 
contexts that are most likely involved in bacteriochlorophyll biosynthesis or in 
genome contexts that do not have an obvious function. 
 
3.1.4. Rhodopseudomonas genome context 
For the Rhodopseudomonads in the Photo RLPs, the genome contexts all 
contain the RLP and an approximately 140 residue protein immediately adjacent 
to the RLP.  A BLASTP search using the Rhodopseudomonas palustris CGA009 
sequence (GI:39933340) did not reveal similarity to known functions. 
 
3.1.4.1. The four RuBisCOs of R. palustris 
While examining the genome context of the Photo RLPs of 
Rhodopseudomonas, I discovered that all the Rhodopseudomonads had four 
different RuBisCOs: type I, type II, Deep Ykr RLP, and Photo RLP.  For R. 
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palustris CGA009: the type I (GI: 39934629) is adjacent to the RuBisCO small 
subunit (1.2.5.1.) and RuBisCO activase; the type II (GI: 39937699) is adjacent to 
fructose-bisphosphate aldolase, transketolase, phosphoribulokinase, and 
fructose-1,6-bisphosphatase; the Deep Ykr RLP (GI: 39935238) has a cupin 
adjacent to it; and the Photo RLP (GI:39933339) has a hypothetical protein 
adjacent to it.  The two authentic RuBisCOs most likely catalyze the 
carboxylation reaction as part of the Calvin-Benson-Bassham pathway, while the 
RLPs catalyze their respective reactions.  The origin and importance of R. 
palustris having four unique RuBisCOs is not obvious but deserves to be 
investigated. 
 
3.1.5. Crystal structures of the Photo RLPs 
RLPs from both the Chlorobaculum and Rhodopseudomonas genome 
contexts have been structurally characterized by x-ray crystallography.  The C. 
tepidum RLP has been structurally characterized twice (PDBIDs: 1TEL and 
1YKW); while, only the Photo RLP from R. palustris CGA009 (PDBID: 2QYG) 
has been characterized.  The two superposed enzymes are identical, supporting 
the hypothesis that they catalyze the same reaction (Figure 3.4).   
 
Figure 3.4 Superposition of C. tepidum RLP (red, PDBID: 1TEL) and R. palustris RLP (yellow, 
PDBID: 2QYG). 
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We sought to understand the function of the Photo RLPs by determining 
the function and metabolic context of the pathway.  A previous member of my lab 
observed activity for the C. tepidum RLP when assayed with MTRu 1-P; I further 
characterized that enzyme by varying the reaction temperature and performing 
site-directed mutagenesis.  An investigation of the metabolic pathway of the 
Chlorobaculum RLP was attempted using the oxidoreductase and aldolase.  To 
confirm that the Photo RLPs are isofunctional, I also assayed the homologous 
RLP from R. palustris. 
 
3.2. Materials and methods  
3.2.1. Cloning of C. tepidum RLP mutants 
Heidi Imker previously cloned the C. tepidum RLP into pET-15b 
(Invitrogen), giving us an opportunity to create site-directed mutants of residues 
that may have a role in the reaction mechanism.  The mutagenesis was 
accomplished using the single overlap extension method of Horton, et al. (14).  
To generate the forward and reverse megaprimers, purified plasmid (30 ng) was 
added to the following 50 µL reaction containing 5 mM MgCl2, 200 µM dNTPs, 
2.5 µM forward primer, 2.5 µM reverse primer, 0.2 µL of Taq polymerase 
(Invitrogen), 0.2 µL of Pfx polymerase (Invitrogen), and 1X Pfu PCR Buffer.  The 
standard T7 promoter and terminator primers were used in the as the 5’ primer 
and 3’ primer for generating the megaprimers.  Reactions were run at the 
following temperature cycles: 95°C for 4 min, 95°C for 45 sec, 55°C for 45 sec, 
72°C for 2.25 min, cycled 26 times, 72°C for 7 min, and 4°C until removed.  
Reactions were visualized on a 1% agarose gel with approximately 1 µg/mL 
ethidium bromide.  The expected megaprimer band size is shown in Table 3.1 
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When the expected band size was observed, the reactions were gel-
purified using a Qiagen kit and eluted into 60 µL ddH2O.  To generate the 
complete mutant gene, the forward and reverse megaprimers for each mutation 
were added together in the following 50 µL reaction:5 mM MgCl2, 200 µM dNTPs, 
2.5 µM T7 promoter primer, 2.5 µM T7 terminator primer, 5 µL forward 
megaprimer, 5 µL reverse megaprimer, 0.2 µL Taq polymerase (Invitrogen), 0.2 
µL of Pfx polymerase (Invitrogen), and 1X PFx PCR buffer.   The following 
thermocycler parameters were used: 95°C for 4 min, 95°C for 45 sec, 55°C for 45 
sec, 72°C for 2.25 min, cycled 26 times, 72°C for 7 min, and 4°C until removed.  
Reactions were visualized on 1% agarose gel with 1ug/mL ethidium bromide.  
The expected band size for all reactions is ~1300 bps.  Positive reactions were 
gel purified using a Qiagen kit and eluted with 60 µL of ddH2O. 
Purified insert was digested with NdeI and BamHI restriction enzymes and 
then ligated into pET-15b that was pre-digested with NdeI and BamHI.  Ligation 
reactions were dialyzed against water for 15 minutes before transforming XL-1 
blue competent cells.  After transformation, 100 µL of LB was added to 
Table 3.1 
Starting 
residue
Residue 
number
Final 
residue
Primer 
direction
Expected 
band size 
(bps)
Primer
E 119 Q F 357 GCCGTTTGCGGCCAGGGCACCTACTTCACGC 
E 119 Q R 951 GCGTGAAGTAGGTGCCCTGGCCGCAAACGGC 
E 119 N F 357 GCCGTTTGCGGCAACGGCACCTACTTCACGC 
E 119 N R 951 GCGTGAAGTAGGTGCCGTTGCCGCAAACGGC 
K 172 A F 516 CGATCTTCTTTGGGGTCGTCGCACCAAATATCGG 
K 172 A R 792 CCGATATTTGGTGCGACGACCCCAAAGAAGATCG 
K 172 M F 516 CGATCTTCTTTGGGGTCGTCATGCCAAATATCGG 
K 172 M R 792 CCGATATTTGGCATGACGACCCCAAAGAAGATCG 
K 198 A F 594 GGACTCGATATCGCCGCGGATGATGAGATGCTGG 
K 198 A R 714 CCAGCATCTCATCATCCGCGGCGATATCGAGTCC 
H 287 N F 861 CCGCTGATCGGTAATTTTCCGTTCATTGCCTCG 
H 287 N R 447 CGAGGCAATGAACGGAAAATTACCGATCAGCGG 
H 287 Q F 861 CCGCTGATCGGTCAGTTTCCGTTCATTGCCTCG 
H 287 Q R 447 CGAGGCAATGAACGGAAACTGACCGATCAGCGG 
R 327 K F 981 GGCTTCGGCGATAACATGATGACTCCC 
R 327 K R 327 GGGAGTCATCATGTTATCGCCGAAGCC 
R 327 A F 981 GGCTTCGGCGATGCCATGATGACTCCC 
R 327 A R 327 GGGAGTCATCATGGCATCGCCGAAGCC  
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transformation mixture for recovery and then 100 µL of recovered transformation 
mixture was spread onto a LB/ampicillin (100 µg/mL) agar plate.  Plates were 
incubated at 37°C overnight. 
Five colonies were picked from each plate and used to inoculate 5 mL of 
LB/ampicillin (100 µg/mL) that was then incubated with shaking at 37°C.  The 
candidate plasmids were isolated from the cells using a Qiagen miniprep kit and 
eluted with 60 µL of ddH2O.   Miniprep prepared plasmids from candidate clones 
were first screened by restriction digest with NdeI and BamHI for presence of the 
insert before submitting for sequencing at the UIUC Core sequencing facility.   
Positive clones were re-transformed into XL-1 Blue competent cells as 
described above.  After re-streaking for a single colony, a cell stock was made.  
A single colony was used to inoculate 5 mL of LB/ampicillin (100 µg/mL) that was 
incubated with shaking at 37°C overnight.  The plasmid was isolated as 
described before and was used to transform BL21(DE3) competent cells. 
 
3.2.2. Protein expression and purification 
3.2.2.1. C. tepidum WT RLP and RLP mutants 
A single colony of the appropriate strain was used to inoculate 5 mL of 
LB/ampicillin (100 µg/mL) that was subsequently incubated with shaking at 37°C 
overnight.  The following day, the overnight culture was used to inoculate 4 L of 
LB/ampicillin (100 µg/mL) that was shaken overnight at 37°C.  After overnight 
incubation, cells were harvested by centrifugation (4,500 rpm (3000 x g) for 10 
min).  Cells were re-suspended in 60 mL of 5 mM imidazole, 0.5 M NaCl, 20 mM 
Tris-HCl (pH 7.9), and 5 mM MgCl2, and then the cells were lysed on ice by 
sonication.  Cell lysates were clarified by centrifugation (14,500 rpm (31,000 x g) 
for 50 min) and then loaded onto Ni2+ charged Sepharose Fast Flow column (1.5 
x 30 cm, GE Healthcare).  Unbound cellular material was washed from the 
column with 60 mL of 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl (pH 7.9), and 
5 mM MgCl2.  Protein of interest was eluted with a 60 mM to 1 M linear gradient 
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of imidazole in 20 mM Tris-HCl (pH 7.9), 5 mM MgCl2, and 0.5 M NaCl.  
Fractions were analyzed by SDS-PAGE, and then fractions containing the protein 
of interest were pooled, concentrated, and dialyzed three times against 20 mM 
Tris-HCl (pH 7.9), 5 mM MgCl2, and 100 mM NaCl.  The protein concentration 
was determined by checking the absorbance at 280 nm, divided into aliquots, 
and then stored at -80°C until needed. 
 
3.2.2.2. R. palustris RLP 
The RLP of R. palustris was purified by Jaya Sriram of the F. R. Tabita 
Laboratory at Ohio State University. 
 
3.2.2.3. C. tepidum aldolase 
A single BL21 (DE3) colony with the aldolase containing pET-15b was 
used to inoculate 5 mL of LB/ampicillin (100 µg/mL) that was subsequently 
incubated with shaking at 37°C overnight.  The following day, the overnight 
culture was used to inoculate 4 L of LB/ampicillin (100 µg/mL) that was shaken 
overnight at 37°C.  After overnight incubation, cells were harvested by 
centrifugation (4,500 rpm (3000 x g) for 10 min).  Cells were resuspended in 60 
mL of 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl (pH 7.9), and 5 mM MgCl2 
and lysed on ice by sonication.  Cell lysates were clarified by centrifugation 
(14,500 rpm (31,000 x g) for 50 min) and then loaded onto Ni2+ charged 
Sepharose Fast Flow column (1.5 x 30 cm, GE Healthcare).  Unbound cell 
material was washed with 60 mL of 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl 
(pH 7.9), and 5 mM MgCl2.  The aldolase was eluted with a 60 mM to 1 M linear 
gradient of imidazole in 20 mM Tris-HCl (pH 7.9), 5 mM MgCl2, and 0.5 M NaCl.  
Fractions were analyzed by SDS-PAGE and then fractions containing the 
aldolase were pooled, concentrated, and dialyzed three times against phosphate 
buffered saline (pH 7.9) and 5 mM MgCl2. 
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3.2.2.4. C. tepidum dehydrogenase 
A single BL21 colony with the dehydrogenase containing pET-15b plasmid 
was used to inoculate 5 mL of LB/ampicillin (100 µg/mL) that was subsequently 
incubated with shaking at 37°C overnight.  The following day, the overnight 
culture was used to inoculate 2 x 2 L of LB/ampicillin (100 µg/mL) that was 
shaken overnight at 37°C.  After overnight incubation, cells were harvested by 
centrifugation (4,500 rpm (3000 x g) for 10 min).  Cells were re-suspended in 60 
mL of 200 mM NaCl, 20 mM Tris-HCl (pH 7.9), and 5 mM MgCl2 and then the 
cells were lysed on ice by sonication.  Cell lysates were clarified by centrifugation 
(14,500 rpm (31,000 x g) for 50 min) and then loaded onto a 1 mL HisTrap HP 
(GE Healthcare).  Unbound cell material was washed with 20 mL of 200 mM 
NaCl, 20 mM Tris-HCl (pH 7.9), and 5 mM MgCl2.  Protein of interest was eluted 
with a 0 to 500 mM linear imidazole gradient in 20 mM Tris-HCl (pH 7.9), 5 mM 
MgCl2, and 200 mM NaCl.  Fractions were analyzed by SDS-PAGE and then 
fractions containing the protein of interest were pooled, concentrated, and 
dialyzed three times against 20 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 100 mM 
NaCl. 
 
3.2.3. 1H NMR assay for C. tepidum RLP activity using MTRu 1-P 
To examine the reaction catalyzed by the C. tepidum RLP and the various 
mutant proteins, the following 800 µL reaction was set up in 99.9% D2O: 5 mM 
MTR 1-P, 5 mM MgCl2, 20 mM potassium phosphate buffer (pH 7.9), and 15 mM 
NaHCO3.  After mixing the buffer and substrate, MTR 1-P isomerase was added 
to a final volume of 10 µM and then left to incubate at room temperature for at 
least 30 minutes to form MTRu 1-P.  When the incubation was complete, the 
RLP was added to a final concentration of 10 µM and then incubated for four 
hours between 25°C and 50°C.  The product was visualized by 1H NMR at room 
temperature. 
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3.2.4. 1H NMR assay for R. palustris RLP activity using MTRu 1-P 
R. palustris RLP was assayed by setting up the following 800 µL reaction 
in 100% H2O: 5 mM MTR 1-P, 5 mM MgCl2, 20 mM K
+ phosphate buffer (pH 
7.9), and 15 mM NaHCO3.  After mixing the buffer and substrate, MTR 1-P 
isomerase was added to a final volume of 10 µM and then left to incubate at 
room temperature for at least 30 minutes to form MTRu 1-P.  When the 
incubation was complete, the RLP was added to a final concentration of 10 µM 
and then incubated overnight at room temperature.  Enzymes were removed by 
filtration using a pre-washed spin column, and then the reaction was lyophilized.  
Immediately before acquiring the 1H NMR spectrum, the lyophilized reactions 
were re-suspended in 800 µL 99.9% D2O.  
 
3.3. Results 
3.3.1. Assay of C. tepidum RLP with MTRu 1-P 
A previous member of the lab, Heidi Imker, demonstrated that the C. 
tepidum RLP could abstract the C3 proton of MTRu 1-P.  I sought to fully 
understand the reaction that it catalyzes and the products released.  A literature 
search revealed that C. tepidum is a thermophile, and I hypothesized that the 
organism’s enzyme-catalyzed reactions would occur optimally at a higher 
temperature.  When the enzyme was assayed at various temperatures over four 
hours, I saw a conversion of MTRu 1-P to product (Figure 3.5).  When the C. 
tepidum RLP was assayed for four hours at room temperature, there was no 
reaction (Figure 3.5C).  As the temperature increased to 30°C, 37°C, and 50°C, 
the substrate peaks disappeared and the product peaks remained (Figure 3.5D-
F).   
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Having previously worked on the R. rubrum RLP, I recognized the C. 
tepidum RLP product peaks as a mixture of MTXu 5-P and MTRu 5-P (Figure 
3.5G), the same products as the R. rubrum RLP reaction.  This result is very 
interesting because it could be an example of convergent evolution within the 
RLPs.   
When comparing C. tepidum and R. rubrum RLPs (Figure 3.6), the 
following differences are obvious: at position 65 (spinach numbering), Met has 
changed to Gln; at position 123, Asn has changed to Glu; and at position 403, 
Gly has changed to Arg.  Until the mechanism of either enzyme is determined, 
the mechanistic contributions of each residue remain unknown.  The role of the 
 
Figure 3.5 
1
H NMR assay of C. tepidum RLP at various temperatures in 100% D2O.A) The 1,3-
isomerization of MTR 1-P reaction in D2O B) MTRu 1-P alone, C) 25°C, D) 30°C, E) 37°C, F) 50°C, 
and G) mixture of MTXu 5-P and MTRu 5-P. 
GI Organism 60 65 123 175 177 201 202 203 204 294 295 327 334 379 381 403 404
83593333 R. rubrum RLP E M N K Q K D D H H P I R A G G G
21674586 C. tepidum RLP E Q E K N K D D E H F I R G S G R  
Figure 3.6 Partial multiple sequence alignment of R. rubrum RLP and C. tepidum RLP.  Residues 
are colored as follows: blue for enediolate stabilization, orange for catalysis, and green for 
phosphate binding. 
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catalytically dispensable His at position 204 in the R. rubrum RLP has not been 
discovered.  Since the C. tepidum RLP also catalyzes the 1,3-isomerization of 
MTRu 1-P, His204 must not play a role in the mechanism. 
 
3.3.2. Assay of C. tepidum RLP mutants with MTRu 1-P 
With evidence that C. tepdium RLP can catalyze the 1,3-isomerization of 
MTRu 1-P to MTX 5-P and MTRu 5-P (Figure 3.5), I am tentatively proposing 
that this reaction is catalyzed through the same mechanism as R. rubrum RLP 
(Figure 3.7).  I conducted a site directed mutagenesis analysis of C. tepidum RLP 
to gain insight on the reaction mechanism.  To describe the mutants, I will refer to 
the C. tepidum RLP numbering with the spinach RuBisCO numbering in 
parentheses.  The mutants tested were: Glu119 (123) to Asp, Asn, or Gln (Figure 
3.8); Lys172 (175) to Ala (Figure 3.9); Lys198 (201) to Ala (Figure 3.10); and 
His287 (294) to Gln or Asn (Figure 3.11). 
 
Glu119 in the C. tepidum RLP is homologous to Asn123 of spinach 
RuBisCO and is adjacent to the C2 carbonyl, but the carboxylic acid side chain is 
very different from the carboxyamide side of Asn.  I was unsure what this residue 
was contributing to the reaction mechanism and decided to mutate it to Asp, Gln, 
 
Figure 3.7 The proposed mechanism of C. tepidum RLP. 
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and Asn (Figure 3.8C-E).  When the C. tepidum RLP Glu119 mutants were 
assayed by 1H NMR with MTRu 1-P at 45°C for 4 hours, I did not observe the 
appearance of peaks associated with MTXu 5-P or MTRu 5-P (Figure 3.8F).   
In C. tepidum RLP, Lys172 is homologous to Lys175 in spinach RuBisCO, 
the residues responsible for donating a proton to the C2 hydroxyl of the aci-
carboxylate form of 3-phosphoglycerate.  If C. tepidum RLP catalyzes the 
conversion of MTRu 1-P to MTXu 5-P and MTRu 5-P as the R. rubrum RLP is 
proposed to do, then Lys172 might be protonating the C3 hydroxyl generated 
during the 1,3-isomerization.  When I mutated Lys172 to Ala, I did not observe 
the appearance of peaks associated with MTXu 5-P or MTRu 5-P (Figure 3.9B 
compared to C).  Protonation of the C3 hydroxyl is essential for the 1,3-
isomerization reaction and I expected to observe a complete loss of function 
when this Lys172 was mutated to Ala. 
 
Figure 3.8 
1
H NMR assay of C. tepidum RLP E119 mutants with MTRu 1-P in 100% D2O. A) The 
1,3-isomerase reaction, B) MTRu 1-P  alone, C) E119D, D) E119N, E) E119Q, and F) MTXu 5-P 
and MTRu 5-P in 100% D2O. 
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Lys201 is responsible for abstracting the C3 proton to form the enediol in 
the carboxylation reaction of RuBisCO, Lys198 is the homologous residue in the 
C. tepidum RLP.  I propose that this residue is still responsible for abstracting the 
C3 proton from MTRu 1-P as seen in the 1,3-isomerization reaction proposed for 
C. tepidum RLP (Figure 3.7).  I predicted that any mutation of this residue will 
completely abolish activity.  My prediction was correct because when mutated 
Lys198 to Ala I did not observe the appearance of peaks associated with MTXu 
5-P or MTRu 5-P (Figure 3.10B). 
 
 
Figure 3.9 
1
H NMR assay of C. tepidum RLP K172A mutant in 100% D2O. A) MTRu 1-P alone, 
B) K172A, and C) MTXu 5-P and MTRu 5-P in 100% D2O. 
 
Figure 3.10 
1
H NMR assay of C. tepidum RLP K198A mutant in 100% D2O. A) MTRu 1-P alone, 
B) K198A, and C) MTXu 5-P and MTRu 5-P in 100% D2O. 
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The final residue I mutated in C. tepidum RLP was His287, homologous to 
spinach RuBisCO His294 that activates H2O in RuBisCO to attack the C3 proton 
leading to scission of the C2-C3 bond of RuBP.  I assume that the C. tepidum 
RLP 1,3-isomerization reaction matches that of R. rubrum RLP and His287 does 
not have a function in that mechanism.  I was surprised that when His287 was 
mutated to either Gln or Asn, I observed a complete loss of 1,3-isomerization 
activity (Figure 3.11B and C).  The exact meaning of this result deserves further 
investigation as it will elucidate the role of the universally conserved His294 
(Spinach RuBisCO numbering) in the RLPs. 
For all the mutants tested, no reaction was observed after four hours at 
45°C.  This is reminiscent of the site-directed mutagenesis research conducted 
on authentic RuBisCO where mutation to any one of 17 active site or second 
shell residues was enough to completely abolish carboxylation activity.  From 
these results, I inferred that each residue is essential to the efficient catalysis by 
the C. tepidum RLP. 
 
 
3.3.3. Assay of R. palustris RLP with MTRu 1-P 
 
Figure 3.11 
1
H NMR assay of C. tepidum RLP H287 mutant in 100% D2O. A) MTRu 1-P alone, B) 
H287N, C) H287Q, and D) MTXu 5-P and MTRu 5-P in 100% D2O. 
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While studying the C. tepidum RLP, my collaborators at Ohio State 
University were able to produce soluble R. palustris RLP.  Below are the results 
of tests to determine if this other model Photo family member also catalyzes the 
1,3-isomerization of MTRu 1-P to produce a mixture of MTXu 5-P and MTRu 5-P 
(Figure 3.12).   
A significant portion of substrate is unreacted, but new peaks are 
appearing (Figure 3.12B and C).  Peaks appeared that resemble the doublet of 
triplets near 4.2 ppm and the multiplet between 3.7 and 3.8 ppm and that match 
those of the RLP products (Figure 3.12C and D).  Also, there is the appearance 
of a singlet at 1.97 ppm which is close to the singlet of MTXu 5-P at 1.96 ppm.  
This assay suggests that the R. palustris RLP catalyzes the 1,3-isomerization of 
MTRu 1-P, although the optimal reaction conditions need to be established.   
 
 
Figure 3.12 
1
H NMR reactions of R. palustris RLP in H2O. A) The 1,3-isomerization of MTRu 1-P, 
B) MTRu 1-P alone, C) R. palustris RLP with MTRu 1-P, and D) MTXu 5-P and MTRu 5-P. 
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3.4. Conclusions 
The first RLP discovered and investigated was from C. tepidum, and the 
evidence suggested a role in sulfur metabolism.  Previously, my lab determined 
that the C. tepidum RLP could abstract the C3 proton from MTRu 1-P.  I sought 
to understand the function and mechanism of the C. tepidum RLP converting 
MTRu 1-P to some unknown compound. 
Our research shows that at higher temperatures (37-50°C), the C. tepidum 
RLP catalyzes the 1,3-isomerization of MTRu 1-P to a mixture of MTXu 5-P and 
MTRu 5-P.  When I performed site-directed mutagenesis analysis, there was a 
complete loss of activity using a 1H NMR assay.  From this, I conclude that 
Glu119, Lys172, Lys198, and His287 all play an essential role in the reaction 
mechanism or for maintaining the active site structure. 
Our collaborators provided us with soluble R. palustris RLP, also from the 
Photo RLP group.  When assayed for activity using MTRu 1-P as a substrate, I 
observed the appearance of peaks that closely match a mixture of MTXu 5-P and 
MTRu 5-P.  This suggests that the Photo RLPs are an isofunctional group that 
can catalyze the 1,3-isomerization of MTRu 1-P. 
The future directions for studying the Photo RLPs must include the 
following: obtaining kinetic parameters to determine if the 1,3-isomerization 
reaction is a physiological activity; identification of the mechanism for 1,3-
isomerization through site-directed mutagenesis to identify mechanistically 
important residues; investigation of the reaction of R. palustris RLP with MTRu 1-
P to confirm that the Photo RLPs are an isofunctional group; and further 
investigation of the genome context enzymes to determine the pathway and its 
metabolic role. 
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4. SUBSTRATE AND FUNCTIONAL PROMISCUITY OF AUTHENTIC 
RUBISCO FOR RLP REACTIONS 
This chapter discusses the characterization of the Rhodospirillum rubrum 
RuBisCO regarding its promiscuity for RLP reactions.  Section 4.1 summarizes 
current knowledge of the YkrW/MtnW RLP family and details the importance of 
the R. rubrum RuBisCO for understanding the evolution of the RLPs.  Section 4.2 
presents the data collected in the investigation and demonstrates by in vitro and 
in vivo methods that the R. rubrum RuBisCO is not promiscuous for the known 
RLP reactions. 
 
4.1. Rhodospirillum rubrum RuBisCO as the functional link to RLPs 
4.1.1. The methionine salvage pathway of Bacillus subtilis 
The first RLP to be functionally, metabolically, and mechanistically 
characterized is from Bacillus subtilis.  In 2003, Ashida et al., published a 
functional analysis of the methionine salvage pathway in B. subtilis 
demonstrating that the RLP catalyzes the tautomerization of 2,3-diketo 5-
methylthiopentane 1-phosphate (DK-MTP 1-P) to 2-hydroxy 3-keto 5-
methylthiopentene 1-phosphate (HK-MTP 1-P) (1).  The methionine salvage 
pathway recovers the 5’-methylthio-adenosine (MTA) generated during 
 
Figure 4.1 The methionine salvage pathway of B. subtilis. 
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polyamine synthesis by its conversion to L-methionine and is present across all 
domains. 
The methionine salvage pathway in B. subtilis (Figure 4.1) includes the 
following reactions: MTA to 5-methylthio-D-ribose (MTR) using a nucleosidase, 
MTR to 5-methylthio-D-ribose 1-phosphate (MTR 1-P) with MTR kinase, MTR 1-
P to 5-methylthio-D-ribulose 1-phosphate (MTRu 1-P) with MTR 1-P isomerase, 
MTRu 1-P to DK-MTP 1-P with MTRu 1-P dehydratase, DK-MTP 1-P to HK-MTP 
1-P using the RLP, HK-MTP 1-P to 1-dihydroxy-3-keto-5-methylthiopent-1-ene 
(DHK-MTP) with HK-MTP 1-P phosphorylase, DHK-MTP to α-keto-4-methylthio-
butyrate (KMTB) with DHK-MTP oxygenase, and, finally, KMTB to methionine 
with an aminotransferase (1).  The methionine salvage pathway in B. subtilis 
differs from the one in Klebsiella pneumoniae (the organism in which the pathway 
was discovered), with the key difference being that the conversion of DK-MTP 1-
P to DHK-MTP is catalyzed by a bifunctional enolase/phosphatase in K. 
pneumoniae (2) but two separate enzymes in B. subtilis. 
 
4.1.2. The YkrW/MtnW RLPs 
 
The RLP of B. subtilis belongs to the functionally and mechanistically 
characterized family of RLPs called the YkrW/MtnW RLPs.  This family is mostly 
composed of sequences 386-413 residues in length from the genera Bacillus and 
Geobacillus.  RLPs in this family always are encoded by a genome context that 
also contains genes for other enzymes in the methionine salvage pathway.  
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4.1.3. Mechanism of the YkrW/MtnW RLPs 
 The RLP’s conversion of DK-MTP 1-P to HK-MTP 1-P (Figure 4.3) begins 
with abstraction of the pro-S proton on C1 of DK-MTP 1-P to generate the 
enolate intermediate (3).  Protonation of the anionic oxygen at C2 occurs to 
generate the product HK-MTP 1-P.  Utilizing 2,3-diketo-5-hydroxypentane 1-
phosphate or DK-MTP 1-P stereospecifically deuterated at either the pro-S or 
pro-R position of C1, the B. subtilis RLP was determined to preferentially abstract 
the pro-S proton. 
By correlating the reaction mechanism with the crystal structure, Imker et 
al. identified Lys98 (Asn123 in spinach RuBisCO numbering) as the base that 
abstracts the proton from C1.  To confirm the identity of the active site base, 
Imker et al. used site-directed mutagenesis to change Lys98 to Ala which 
 
Figure 4.2 Phylogenetic tree of RuBisCOs and RLPs.   
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resulted in a complete loss of activity.  Proton abstraction by Lys98 in B. subtilis 
RLP is the first example of a RuBisCO superfamily member initiating a reaction 
without using the carboxylated Lys201.  
 
4.1.4. Rhodospirillum rubrum RuBisCO promiscuity 
In addition to functional characterization of the B. subtilis RLP and the 
elucidation of the methionine pathway in B. subtilis, Ashida et al. provided 
evidence that Rhodospirillum rubrum RuBisCO is promiscuous for the B. subtilis 
RLP reaction.  One key experiment showed that when the RLP was disrupted in 
B. subtilis, the organism lost the ability to grow on MTA as the sole sulfur source.  
When that RLP mutant was complemented with R. rubrum RuBisCO, the mutant 
strain grew after a long lag and at a slower rate.  UV/Vis data showed the 
conversion of DK-MTP 1-P to the UV detectable HK-MTP 1-P in the presence of 
RuBisCO (Figure S2 in (1)).   
Ashida et al. noted that both R. rubrum RuBisCO and B. subtilis RLP 
retain the C1 phosphate binding residues (Gly381, Gly403, Gly404, and Thr65 in 
Enzyme 60 65 123 175 177 201 202 203 204 294 295 327 334 379 381 403 403
R. rubrum  RuBisCO E T N K K K N D E H R H K S G G G
B. subtilis RLP G S K K V K D D E H P L S S G G G  
Figure 4.4 Partial multiple sequence alignment of R. rubrum RuBisCO with B. subtilis RLP.  
Residues colored in green are involved in phosphate binding of RUBP, blue highlight residues 
are involved in stabilization of the enediol intermediate, and orange residues are involved in 
catalysis. Numbering for spinach RuBisCO. 
 
 
Figure 4.3 The reaction mechanism of B. subtilis RLP (DK-MTP 1-P “enolase”/tautomerase). 
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Figure 4.4), catalytic residues (Lys201, Asp203, Glu204, and His294), and two 
enediol stabilization residues (Lys175 and Ser379).  In later publications, Ashida 
et al. mutated the following four residues used for enediol stabilization and 
catalysis in B. subtilis RLP to determine the effect on the “enolase”/tautomerase 
reaction: Lys175, Lys201, Asp203, and Glu204 (4, 5).  They observed that 
K175A and K201A abolished all activity, while D203E retained 7% activity and 
84% remained in E204D.  Creating the D203N or E204Q mutants completely 
abolished “enolase”/tautomerase activity.  The absence of Lys at position 123 in 
R. rubrum RuBisCO suggests that it catalyzes the “enolase”/tautomerase 
reaction with a different base than Lys98 in B. subtilis RLP. 
 
4.1.5. Natural promiscuity of RuBisCO 
As discussed previously (1.2.3.2.), RuBisCO also catalyzes the 
oxygenation of ribulose 1,5-bisphosphate (RuBP) to one molecule of 3-
phosphoglycerate (3-PG) and one molecule of 2-phosphoglycolate.  The 
promiscuous oxygenation reaction is important because it severely decreases 
the efficiency of the carboxylation reaction.  In addition to the oxygenation 
reaction, RuBisCO can catalyze other side reactions (6, 7).   
One such side reaction is misprotonation of the 2,3-enediol (6-11).  After 
RuBP binding, the C3 proton abstraction forms the 2,3-enediol that is 
coordinated to the essential Mg2+.  From this intermediate, the carboxylation and 
oxygenation reactions can occur as expected, but two other reactions can also 
occur.  The first reaction is protonation of C3 to re-generate RuBP or mis-
protonation to form xylulose 1,5-bisphosphate (the C3 epimer).  Second, 
formation of a carbonyl on C3 forces leads to 3-ketoarabinitol 1,5-bisphosphate 
(11).   
Another promiscuous reaction is β-elimination of the C1 phosphate of 
RuBP that occurs through a stalled 2,3-enediol complex resulting in the double 
bond moving from C2-C3 to C1-C2 to produce 2,3-pentodiulose 5-phosphate (6).  
In Type I RuBisCOs, this side reaction occurs more frequently in the absence of 
the small subunit, suggesting a role in altering RuBisCO active site geometry 
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without interacting with active site residues.  Elimination of the C5 phosphate 
group can also occur after formation of the aci-carboxylate of upper 3-PG to yield 
pyruvate (6). 
These different reactions demonstrate the reactivity of the 2,3-enediol and 
the variety of products generated in the RuBisCO active site.  The side reactions 
are the entry points for divergent evolution to produce novel functions (12).  
There are no data yet suggesting that such a side reaction in RuBisCO’s past 
lead to the RLPs or if a carboxylation-like side reaction in a proto-RLP lead to the 
RuBisCOs. 
 
4.1.6. Importance of an evolutionary link between authentic RuBisCOs and RLPs 
Interestingly, both R. rubrum RLP and B. subtilis RLP use intermediates in 
the methionine salvage pathway and Chlorobaculum tepidum (previously 
Chlorobium tepidum (13)) RLP has been proposed to be involved in sulfur 
metabolism (14, 15).  This suggests that all RLPs may be involved in sulfur 
metabolism and, also, that there may be a RuBisCO involved in sulfur 
metabolism that bridges the gap between RuBisCOs and RLPs.  If such a 
RuBisCO existed, studying it could provide clues about the evolutionary history of 
the RLPs and provide general insight into the evolution of novel functions. 
In their initial functional characterization of the B. subtilis RLP, Ashida et 
al. provided data that R. rubrum RuBisCO could complement a B. subtilis 
disrupted RLP strain when grown on MTA as the sole sulfur source (1). I sought 
to understand the mechanism by which R. rubrum RuBisCO performed the 
tautomerization of DK-MTP 1-P to HK-MTP 1-P as this may be the missing 
evolutionary link between RuBisCOs and RLPs. 
 
4.2. Materials and Methods 
Unless otherwise stated, all chemicals used for synthesis were purchased 
from Sigma-Aldrich.  All buffers and reaction mixture components were 
purchased from Fisher Scientific.  Unless otherwise stated, all 1H NMR spectra 
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were obtained with a Varian Unity INOVA 500NB spectrometer.  All 13C NMR 
spectra were acquired on a Varian Unity Inova 600 MHz spectrometer.  All kinetic 
assays were performed on a Cary 300 Bio UV/VIS spectrometer from Varian.  All 
PCR amplification was performed with Invitrogen Pfx polymerase according to 
the instructions included in the package.  Restriction digests were all performed 
using New England Biolabs enzymes according to the instructions included with 
the enzymes. 
 
4.2.1. The cloning, expression, and purification of G. kaustophilus RLP, R. 
rubrum RuBisCO, B. subtilis MTR 1-P Isomerase, and B. subtilis MTRu 1-
P Dehydratase 
Heidi Imker previously cloned the G. kaustophilus RLP, R. rubrum 
RuBisCO, B. subtilis MTR 1-P isomerase, and the B. subtilis MTRu 1-P 
dehydratase into pET-15b.  The genes were expressed without induction in E. 
coli BL-21 (DE3) in 2 L of LB medium for 16 hours at 37 C.  The cells were 
centrifuged at 4,500 rpm (3000 x g) in a Beckman Coulter Avanti J-25 centrifuge, 
and then resuspended in 60 mL of 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl 
(pH 7.9), and 5 mM MgCl2.  The resuspended cells were sonicated and then 
centrifuged to clear the lysate.  The lysate was then loaded onto a Ni2+ charged 
Sepharose Fast Flow column (1.5 cm x 30 cm, GE Healthcare). The column was 
washed with 60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl (pH 7.9), and 5 mM 
MgCl2.  The protein was eluted from the column with a 60 mM to 1 M imidazole 
linear gradient (250 mL) in 20 mM Tris-HCl (pH 7.9), 5 mM MgCl2, and 0.5 M 
NaCl.  The presence of protein of interest was confirmed by SDS-PAGE.  
Fractions were pooled and dialyzed three times against 20 mM K+ phosphate 
buffer (pH 7.8) and 5 mM MgCl2.  After dialysis, enzymes were concentrated 
using a Millipore Amicon stirred cell and a 30,000 NMWL ultrafiltration membrane 
and stored at -80C.  
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4.2.2. Non-enzymatic conversion of DK-MTP 1-P to HK-MTP 1-P 
spectrophotometric assay 
The non-enzymatic conversion of DK-MTP 1-P to HK-MTP 1-P with the 
following reaction mixture used 20 mM Na+HEPES (pH 7.8), 5 mM MgCl2, and 
100 μM MTR 1-P.  MTRu 1-P was formed by addition of MTR 1-P isomerase (to 
a final concentration of 10 μM) and incubated at room temperature for five 
minutes.  While monitoring at 270 nm, MTRu 1-P dehydratase was added to a 
final concentration of 10 μM to form the DK-MTP 1-P hydrate.  The reaction was 
monitored at 270 nm; the increase in absorbance was due to the formation of 
HK-MTP 1-P that was quantitated using the extinction coefficient of 9.3 x 103 M-1 
cm-1. 
 
4.2.3. Spectrophotometric assay for enzyme dependent formation of HK-MTP 1-
P 
Reactions were set-up in the same way as 4.2.2. except that five minutes 
after hydrate formation G. kaustophilus RLP or R. rubrum RuBisCO was added, 
and the reaction was monitored at 270 nm.  The increase in absorbance due to 
the formation of HK-MTP 1-P was quantitated using the extinction coefficient of 
9.3 x 103 M-1 cm-1. 
 
4.2.4. Spectrophotometric assay with increasing concentrations of DK-MTP 1-P 
hydrate 
The reactions were prepared as described in 4.2.2., except that G. 
kaustophilus RLP or R. rubrum RuBisCO was added to final concentrations of 1 
μM or 10 μM, respectively.  Concentrated MTR 1-P was diluted into reaction 
buffer prior to adding to the reaction mixture to ensure that buffer concentration 
and pH did not change.  The increase in absorbance due to the formation of HK-
MTP 1-P was quantitated using the extinction coefficient of 9.3 x 103 M-1 cm-1. 
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4.2.5. R. rubrum RLP 1H NMR assay 
When assaying for R. rubrum RLP activity (formation of 1-MTXu 5-P/1-
MTRu 5-P), either R. rubrum RLP or RuBisCO were added to the following 
reaction mixture: 5 mM MTR 1-P, 20 mM K+ phosphate buffer (pH 7.8), 15 mM 
NaHCO3, and 5 mM MgCl2 in 100% D2O.  MTRu 1-P was formed in situ by 
addition of 5 μM MTR 1-P isomerase and waiting 30 minutes.  Both R. rubrum 
RLP and RuBisCO were added to yield a final concentration of 10 μM, and then 
the reaction mixtures were left at room temperature overnight (~16 hours) before 
recording the 1H NMR spectra. 
 
4.2.6. B. subtilis RLP 1H NMR assay conditions using either DK-MTP 1-P or DK-
MTP 1-P hydrate 
To determine formation of HK-MTP 1-P, G. kaustophilus RLP and R. 
rubrum RuBisCO were assayed in 5 mM MTR 1-P, 20 mM K+ phosphate buffer 
(pH 7.8), 15 mM NaHCO3, and 5 mM MgCl2 with the solvent as either 100% D2O 
or 90% H2O/10% D2O.  MTRu 1-P was formed in situ using MTR 1-P isomerase 
at a final concentration of 10 µM. 
For assaying with DK-MTP 1-P as a substrate, either G. kaustophilus RLP 
or R. rubrum RuBisCO was added to the reaction mixture (final concentration of 
10 µM) prior to the MTRu 1-P dehydratase (final concentration of 1 μM).  The 
reactions were left at room temperature overnight (12 hour for the 100% D2O 
reaction and 19 hours for the 100% H2O reaction) before obtaining the 
1H NMR 
spectra. 
When using DK-MTP 1-P hydrate as the substrate, the MTRu 1-P 
dehydratase was added after formation of MTRu 1-P.  The spectrum was 
acquired to confirm formation of the hydrate, and then G. kaustophilus RLP was 
added to a final concentration of 10 μM.  The spectrum was acquired after three 
hours. 
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4.2.7. Synthesis of 13C-labeled MTR and MTR 1-P 
13C-labeled MTR was synthesized according to the procedure described in 
Section 2.2.1.1. for synthesizing MTR.  The [2-13C] labeled D-ribose was 
obtained from Omicron Biochemicals.  13C-labeled MTR 1-P was enzymatically 
synthesized as described above (2.2.2.) using MTR kinase. 
 
4.2.8. 13C NMR spectra of  [2-13C]MTR 1-P, [2-13C]MTRu 1-P, and [2-13C]DK-
MTP 1-P in 50% 18O-H2O/40% H2O/10% D2O. 
For the spectra of [2-13C]MTR 1-P, [2-13C]MTRu 1-P, and [2-13C]DK-MTP 
1-P, the 0.8 mL reaction contained 20 mM K+ phosphate buffer (pH 7.8), 5 mM 
MgCl2, and 5 mM [2-
13C]MTR 1-P in a mixture of 50% 18O-H2O/40% H2O/10% 
D2O.  First, the 
1H spectrum of [2-13C]MTR 1-P was acquired, and then the 13C 
spectrum was acquired.  MTR 1-P isomerase was added to the reaction mixture 
(final concentration of 10 μM) and incubated at room temperature for 1 hour with 
occasional monitoring by 1H NMR to determine reaction completion.  When the 
reaction was complete, both 1H and 13C spectra were acquired.  MTRu 1-P 
dehydratase was added to the MTRu 1-P reaction mixture (final concentration of 
4 μM) and incubated at room temperature for one hour.  Completion of the 
reaction was determined by recording the 1H NMR spectrum.  When it was 
completed, both the 1H and 13C spectra were acquired. 
 
4.2.9. 13C NMR assay conditions for identification of DK-MTP 1-P hydrate 
For acquiring the natural abundance 13C NMR of the DK-MTP 1-P hydrate, 
the reaction contained 20 mM K+ phosphate buffer (pH 7.8), 5 mM MgCl2, and 10 
mM MTR 1-P in 90% H2O/10% D2O.  The MTRu 1-P was formed in situ by the 
addition of MTR 1-P isomerase to a final concentration of 5 μM and left to react 
for 1 hour.  The MTRu 1-P dehydratase was added to a final concentration of 1 
μM and immediately cooled to 4C in the NMR spectrometer.  The H2O peak was 
suppressed, and 22,576 transients were acquired over 18 hours. 
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4.2.10. Construction of the B. subtilis mtnW::pMUTIN4 strain 
The B. subtilis MtnW::pMUTIN4 strain was previously constructed by Heidi 
Imker of the Gerlt laboratory. Her procedure included here for reference. To 
construct the B. subtilis RLP insertional disruption, the following primers were 
used amplify a 350 bp region within the B. subtilis RLP gene: 5’- GGA GGA TCC 
TAC GCC AAA CTT CGG TCC CGG -3’ and 5’- GGC ATG AAG CTT TTA TTA 
GCG ACA TAT CTC CTG ACC G -3’.  The reaction mixture contained B. subtilis 
genomic DNA, 50 mM MgSO4, 10X Pfx Buffer, 20 mM dNTPs, 20 μM of the 
forward and reverse primers, and 5 U of polymerase. The PCR program for 
amplification was: 3 minutes at 94C, 1 minute at 94C, 1.25 min at 45C-65C, 3 
minutes at 68C, the preceding three steps were repeated 40 times, 10 minutes 
at 68C, and 4C forever.   After digesting both the vector and insert with BamHI 
and HindIII, they were ligated in a 1:3 mix of double digested pMUTIN4:insert, 
10X ligase buffer, and T4 DNA ligase.  Ligations were transformed into E. coli 
XL-1 Blue.  Confirmation of the insert was done by PCR amplification. 
Wild type B. subtilis 168 was transformed with the insert containing 
pMUTIN4 using the procedure from Spizizen (16) and plated on LB with 1 μg/ml 
erythromycin, 1 mM IPTG, and 1 mM L-methionine.  Colonies grew at 37C for 
48 hours before screening.  Extracted gDNA was screened by PCR amplification 
of the insert junctions to confirm insertion. 
 
4.2.11. Complementation of B. subtilis mtnW::pMUTIN4 with pDR67-mtnXYZ by 
insertion into amyE 
For addressing polar effects due to the insertional disruption of the B. 
subtilis RLP, the genes downstream of the RLP were amplified as described by 
Carré-Mlouka et al. (17) using the following primer pairs: 5’- GGT CTA GAC GCT 
AGA TAA ATG GGG AAA GG -3’ that introduces an XbaI restriction site and 5’- 
GAC AGC GTG AAT CAA TAA GCG AGA TCT GCG -3’ that introduces a BglII 
restriction site.  After double digestion, the insert was ligated into pDR67 and 
screened for insert.  Prior to transformation, the pDR67-mtnXYZ plasmid was 
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linearized with AatII overnight at 37C, and then the reaction was heat 
inactivated.  The transformation of B. subtilis 168 with linearized pDR67-mtnXYZ 
was performed as described above (4.2.10.). 
 
4.2.12. Complementation of B. subtilis mtnW::pMUTIN4 amyE::pDR67-mtnXYZ 
with pEB112-mtnW, pEB112-R. rubrum RuBisCO, or pEB112-empty 
Construction of the pEB112 complementation vectors was previously 
accomplished by Heidi Imker and is described here for reference.  The gene 
encoding B. subtilis MtnW was PCR amplified from gDNA using the following 
primers: 5’- TTT TCG GAT CCT CAT ACG GCT TCA GCC TTT CCC CAT TTA 
TCT AGC G -3’ and 5’- GCG ACC CGG GTT AAG GAG GAT TTT TTG ATA 
TGG ATG AAA ATG AAA GG -3’ that introduce a BamHI and XmaI restriction 
site, respectively.  R. rubrum RuBisCO was PCR amplified from gDNA using the 
following primers: 5’- CGA GGA TCC TTA AGG AGG ATT TTT TGA TAT GGA 
CAG TCA TCT CGT TAC GTC AAT  CTG G -3’ and 5’- GAC GCG GAG GGG 
AGG GAT CCC GCG TCT TCT GCT TTG ACC GGC CGT CCA ACC -3’ that 
both introduce BamHI restriction sites on the fragment.  Both fragments were 
digested with their corresponding restriction enzymes according to the 
manufacturer’s specifications.  Digested fragments were gel extracted using a 
Qiaquick Gel extraction kit and then ligated into pre-digested pEB112.  Ligation 
mixtures were used to transform E. coli XL-1 Blue competent cells by 
electroporation.  Colonies were screened for insert and correct orientation before 
using them to transform B. subtilis 168.  Transformations were plated on LB agar 
plates supplemented with 50 μg/mL kanamycin. 
 
4.2.13. Media and conditions used for growth curves 
All growth curves were conducted with ED minimal medium as described 
by Sekowska et al. (18) with the addition of 1 mM IPTG.  When necessary, the 
following antibiotics were added: 1 μg/mL erythromycin, 1 μg/mL kanamycin, and 
1 μg/mL chloramphenicol. 
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4.3. Results 
4.3.1. Initial 1H NMR assays with R. rubrum RuBisCO using DK-MTP 1-P  
We began my investigation of RuBisCO promiscuity for RLP reactions with 
the in vitro 1H NMR assay described by Imker et al. where DK-MTP 1-P is 
converted to HK-MTP 1-P in 100% D2O (3).  Imker et al. were not able to isolate 
the B. subtilis RLP enzyme, but were able to isolate the homologous enzyme 
from Geobacillus kaustophilus; my data were gathered using the G. kaustophilus 
RLP.  If the RuBisCO catalyzed the reaction, I expected formation of the 
resonances associated with HK-MTP 1-P. 
The presence of a broad triplet at 2.90 ppm (the protons on C3) and a 
doublet at 7.4 ppm (protons on C1) indicates formation of HK-MTP 1-P.  Both 
indicators were observed with the G. kaustophilus RLP (Figure 4.5C), but the 7.4 
ppm doublet was also observed in the absence of enzyme (Figure 4.5B) and with 
the R. rubrum RuBisCO (Figure 4.5D) in a small amount after 12 hours.  
Interestingly, I observed a doublet at 3.8 ppm in all three reactions as well as a 
 
Figure 4.5 
1
H NMR reaction of A) DK-MTP 1-P converting to HK-MTP 1-P with B) No enzyme, C) 
G. kaustophilus RLP, and D) R. rubrum RuBisCO with DK-MTP 1-P in 100% D2O. Red lines 
indicate unknown compound peaks. 
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peak at 2.65 ppm.  I did not see much difference in the methyl peaks at 2 ppm, 
but there is a minor peak slightly downfield of the major peak in the G. 
kaustophilus RLP sample (Figure 4.5C). 
I investigated the doublets at 7.4 ppm and 3.8 ppm by performing the 
reactions in 100% H2O for 19 hours and then recording the spectra in 90% 
H2O/10% D2O with solvent suppression (Figure 4.6). I ran these reactions longer 
to clearly observe the peak at 7.4 ppm in the R. rubrum RuBisCO reaction.  
When no enzyme is added (Figure 4.6B), the spectrum reveals a mixture of HK-
MTP 1-P and a significant amount of an unknown compound.  Assaying with G. 
kaustophilus RLP produced a spectrum with a mixture of mostly HK-MTP 1-P 
and a small amount of the unknown compound (Figure 4.6C).  After addition of 
R. rubrum RuBisCO to DK-MTP 1-P, I again observed a mixture of HK-MTP 1-P 
and the unknown compound similar to the no enzyme control (Figure 4.6D).  I 
sought to identify this unknown compound as well as to understand its 
importance in the reaction of DK-MTP 1-P to HK-MTP 1-P. 
 
Figure 4.6 
1
H NMR spectra of A) DK-MTP 1-P converting to HK-MTP 1-P with B) No enzyme, C) 
G. kaustophilus RLP, and D) R. rubrum RuBisCO where all reactions occur with DK-MTP 1-P in 
90% H2O/10% D2O. Maroon bars indicate the peaks of the unknown compound. 
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4.3.2. Identification of the DK-MTP 1-P hydrate by 1H NMR and 13C NMR 
Previously, characterization of the MTRu 1-P dehydratase from the B. 
subtilis methionine salvage pathway showed the product, DK-MTP 1-P degrades 
into a compound that is not a substrate for the B. subtilis RLP (19).  The product 
formed in the absence of enzyme (Figure 4.6B) seemed to fit the observations 
described in the initial characterization of the unknown compound.  I was able to 
monitor this compound’s formation and identify its structure as the C2 hydrate of 
DK-MTP 1-P using 1H NMR, 13C NMR, and 18O-H2O isotopic labeling.   
When MTRu 1-P is incubated with MTRu 1-P dehydratase in 90% 
H2O/10% D2O and immediately visualized by 
1H NMR (Figure 4.7B), I observed 
four peaks that correspond to the non-HK-MTP 1-P peaks seen in Figure 4.6B: a 
doublet at 3.8 ppm, triplets at 2.6 ppm and 3.0 ppm, and a singlet at 2.0 ppm 
(Figure 4.7B).  Having identified the unknown compound as the C2 hydrate of 
DK-MTP 1-P, I needed to confirm the presence of the gem-diol and its location at 
C2. 
 
Figure 4.7 A) Structure of DK-MTP 1-P hydrate and B)
1
H NMR of DK-MTP 1-P hydrate in 90% 
H2O/10% D2O. 
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I confirmed the presence of the gem-diol in two ways: natural abundance 
13C NMR and 18O-H2O isotopic labeling of the [2-
13C]DK-MTP 1-P. In the natural 
abundance 13C NMR experiment, I observed six peaks (Figure 4.8B): C3 at 210 
ppm, C2 at 95 ppm, C1 at 68 ppm, C4 at 48 ppm, C5 at 36 ppm, and C6 at 15 
ppm.  The chemical shift at 95 ppm confirmed the presence of the gem-diol 
(Figure 4.8B) because previous literature has shown that gem-diol 13C NMR 
peaks are located between 90-100 ppm (20, 21).   
I identified the location of the gem-diol using 18O-H2O isotopic labeling of 
[2-13C]DK-MTP 1-P (Figure 4.9).  The starting material, [2-13C]MTR 1-P, shows a 
doublet at 71.3 ppm due to splitting of the carbon peak by the phosphate (Figure 
4.9A).  Addition of MTR 1-P isomerase forms MTRu 1-P converting the doublet 
into a triplet and shifting it downfield to 210.6 ppm in the ketone range (Figure 
4.9B).  When I added the MTRu 1-P dehydratase to the previous solution to form 
[2-13C]DK-MTP 1-P hydrate, a doublet of triplets is formed due to equilibrium of 
18O-unlabeled, singly 18O-labeled, and doubly 18O-labeled [2-13C]DK-MTP 1-P 
 
Figure 4.8 A) Structure of DK-MTP 1-P hydrate and B) 
13
C NMR of DK-MTP 1-P hydrate in 90% 
H2O/10% D2O. 
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(Figure 4.9C), causing a triplet.  This doublet of triplets confirms that C2 has two 
hydroxyl groups when in the DK-MTP 1-P hydrate form. 
 
 
4.3.3. Kinetic analysis of DK-MTP 1-P hydrate 
With a structural understanding of the DK-MTP 1-P hydrate, I investigated 
the nonenzymatic rate of conversion of DK-MTP 1-P to HK-MTP 1-P.  While 
monitoring at 270 nm, MTR 1-P isomerase stoichiometrically converted MTR 1-P 
to MTRu 1-P after five minutes at room temperature. Then, I added a large 
amount of MTRu 1-P dehydratase to quickly form DK-MTP 1-P.  The absorbance 
increased to a maximum at twenty seconds after the addition of MTRu 1-P 
dehydratase, indicating formation of DK-MTP 1-P.  The absorbance immediately 
decreased until it reached baseline before increasing with an assumed first-order 
rate constant of 0.0004 (±0.00007) sec-1.  This indicated complete formation of 
the DK-MTP 1-P hydrate followed by the non-enzymatic conversion to HK-MTP 
1-P. 
 
Figure 4.9 
13
C NMR in 50% 
18
O-H2O/40% H2O/10% D2O spectra showing A) [2-
13
C]MTR 1-P, B) 
[2-
13
C]MTRu 1-P, C) [2-
13
C]DK-MTP 1-P hydrate. Asterisks indicate the position of the isotopic 
label. 
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I varied the concentration of DK-MTP 1-P hydrate produced and 
measured the rate of non-enzymatic conversion to HK-MTP 1-P (Figure 4.10). 
The reaction begins as if it were first-order, but deviates after 100 minutes.  The 
curves have two distinct phases: a fast starting phase between 0-50 minutes and 
a slow phase from 100-350 minutes.  The shift from one phase to another occurs 
at about 60% reaction completion and is independent of substrate concentration.  
Understanding the reaction occurring between 100-350 minutes necessitated a 
method that can provide detailed structural information such as 1H NMR. 
I investigated the non-enzymatic conversion of DK-MTP 1-P hydrate to 
HK-MTP 1-P using a 1H NMR array in 90% H2O/ 10% D2O (Figure 4.11).  I 
expected to observe new peaks corresponding with the slow phase between 
100-350 minutes.  The 1H NMR array clearly shows the formation of HK-MTP 1-
P, but the spectra did not reveal new peaks associated with the slow increase in 
absorbance seen in the kinetic assay (Figure 4.10).  Further investigation of this 
reaction was necessary to understand the chemical significance of the two 
phases. 
 
 
Figure 4.10 Graph showing the effect of substrate concentration on the rate of non-enzymatic 
conversion of DK-MTP 1-P hydrate to HK-MTP 1-P. 
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With a thorough understanding of the non-enzymatic conversion of DK-
MTP 1-P to DK-MTP 1-P hydrate and HK-MTP 1-P, I could investigate the 
promiscuity of R. rubrum RuBisCO.  Previous research provided evidence that R. 
rubrum RuBisCO catalyzed the reaction of the YkrW/MtnW RLPs (1). I sought to 
leverage my understanding of the DK-MTP 1-P hydrate to fully characterize the 
RuBisCO promiscuity. 
 
4.3.4. Kinetic analysis of R. rubrum RuBisCO catalyzing the conversion of DK-
MTP 1-P to HK-MTP 1-P 
My first step in understanding the promiscuity of R. rubrum RuBisCO for 
the YkrW/MtnW RLP-catalyzed reaction was to verify that the rate of RuBisCO-
catalyzed DK-MTR 1-P conversion to HK MTR 1-P was dependent on RuBisCO 
concentration.  As the concentration of each enzymes increases (Figure 4.12), 
only the data for the YkrW/MtnW RLP of G. kaustophilus show a dependence on 
enzyme concentration (Figure 4.12A, circles).  R. rubrum RuBisCO did not show 
any change in product concentration above the non-enzymatic reaction even up 
to an enzyme:substrate ratio of 1:2 (Figure 4.12A, squares). 
 
Figure 4.11 
1
H NMR array of DK-MTP 1-P hydrate to HK-MTP 1-P in 90% H2O/10% D2O. 
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When the rate of HK-MTP 1-P formation was tested as a function of 
substrate concentration, the G. kaustophilus RLP data yielded a kcat/KM = 1.3 x 
103 (±0.1 x 103) M-1 sec-1 after subtraction of the non-enzymatic rate, but the RLP 
assays did not reach saturation at the concentrations tested (Figure 4.12B).  The 
RuBisCO had a rate of -1.9 (±0.3) M-1sec-1:  I believe the rate is negative because 
of the correction for the non-enzymatic reaction.  The kcat/KM for the G. 
kaustophilus RLP seems low, because the starting material is in equilibrium with 
its hydrate form and represents an immeasurably small fraction of the reaction 
mixture.  Considering only a small portion of substrate is catalytically available to 
the enzyme, the actual value of kcat/KM would be larger than the value calculated 
above. 
 
4.3.5. In vitro assays with MTRu 1-P 
While Ashida et al. (1) provided evidence that R. rubrum RuBisCO was 
capable of catalyzing the same reaction as the YkrW/MtnW RLP in B. subtilis, my 
work (Section 4.3.4) does not support that conclusion.  Furthermore, genomic 
sequencing has since revealed an RLP in the R. rubrum genome.  Both the R. 
rubrum RLP and the RLPs of the YkrW/MtnW subgroup utilize molecules of the 
methionine salvage pathway.  It seems possible that R. rubrum RuBisCO might 
 
Figure 4.12 Kinetic analysis of B. subtilis RLP (circles) and R. rubrum RuBisCO (squares) 
showing the dependence of rate on A) enzyme concentration and B) substrate concentration. 
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not catalyze the YkrW/MtnW RLP reaction, but may be catalyzing the R. rubrum 
RLP reaction (Figure 4.13A) starting with MTRu 1-P to yield a 3:1 mixture of 1-
methylthio-xylulose 5-phosphate (MTXu 5-P) and 1-methylthio-ribulose 5-
phosphate (MTRu 5-P) (22).   
 
We tested the promiscuity of R. rubrum RuBisCO for the R. rubrum RLP 
reaction according to the assay described by Imker et al. (22).  The 1H NMR 
spectrum shown in Figure 4.13B shows the starting material MTRu 1-P in 
99.99% D2O.  When R. rubrum RLP is added, the resonances associated with 
the substrate disappear and only a multiplet near 3.8 ppm remains (Figure 
4.13C).  After incubating MTRu 1-P with R. rubrum RuBisCO, I observed that all 
the MTRu 1-P peaks were still present when compared to the no enzyme control 
 
Figure 4.13 
1
H NMR assay of with MTRu 1-P as the substrate. A) The 1,3-isomerase reaction of 
R. rubrum RLP, B) MTRu 1-P alone, C) R. rubrum RLP, and D) R. rubrum RuBisCO. 
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(Figure 4.13B) indicating that RuBisCO cannot catalyze the RLP reaction with 
MTRu 1-P. 
In addition to the 1H NMR assay, the R. rubrum RLP and RuBisCO were 
assayed in a coupled enzyme system with the R. rubrum MTRu 5-P 
methylsulfurylase and DXP reductoisomerase (Figure 4.14).  When using R. 
rubrum RLP, I determined the kinetic parameters: kcat, 1.34 (±0.03) sec
-1; KM, 50 
(±7) µM; and kcat/KM, 2.7 x 10
4 (±0.3 x 104) M-1sec-1.  The RuBisCO curve 
showed non-Michaelis-Menten behavior, so only the catalytic efficiency could be 
measured from the data: 0.1 ±0.9 M-1 sec-1.  From these kinetic results and the 
1H NMR assay, R. rubrum RuBisCO does not catalyze the R. rubrum RLP 
reaction with MTRu 1-P.  The final piece of evidence in support of RuBisCO 
promiscuity is the complementation of a B. subtilis RLP disrupted strain with the 
RuBisCO. 
 
4.3.6. Growth curves of the B. subtilis mtnW disruption strains 
Due to the lack of “enolase”/tautomerase activity when assaying with R. 
rubrum RuBisCO, I expressed the RuBisCO in B. subtilis and monitored cell 
density when grown on MTA as the sole sulfur source.  The B. subtilis gene 
encoding RLP (mtnW) was disrupted using pMUTIN4 (23) and the resultant 
strain was tested with empty pEB112, mtnW in pEB112, or R. rubrum RuBisCO 
in pEB112 (24).  When these strains were grown on MTA as the sulfur source, I 
 
Figure 4.14 Rate dependence on substrate concentration for the conversion of MTRu 1-P to MTXu 
5-P and MTRu 5-P using either R. rubrum RLP (circles) or R. rubrum RuBisCO (diamonds).  
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did not observe wild type growth in the mtnW::pMUTIN4 strain complemented 
with pEB112-mtnW.  This was remedied by inserting the downstream genes 
encoding dioxygenase (mtnX), dehydratase (mtnY), and phosphorylase (mtnZ)) 
of mtnW into the non-essential α-amylase gene, amyE, via a single crossover, 
homologous recombination with pDR67 (18, 25).  Figure 4.15 shows growth 
curves with MTA as the sole sulfur source for the strains in Table 4.1.   
 
For WT empty, WT mtnW, and WT RuBisCO (Table 4.1), I observed 
robust growth (Figure 4.15).  I saw recovery of growth on MTA for Mut mtnW 
(brown triangles) showing that the polarity issue was addressed.  Neither Mut 
empty not Mut RuBisCO displayed growth like Mut RLP (Table 4.1).  I confirmed 
expression of RuBisCO by loading cell lysate of Mut RuBisCO and Mut empty 
strains grown with MTA as the sole sulfur source onto an SDS-PAGE gel and 
observed a band with the correct size for RuBisCO (50 kDa) only in the Mut 
RuBisCO strain.  Hence, the RuBisCO was unable to complement the disrupted 
RLP strain when grown on MTA as a sole sulfur source. 
Table 4.1 
Full strain name
Abbreviated 
strain name
B. subtilis  168 amyE ::pDR67-mtnXYZ  pEB112-empty WT empty
B. subtilis  168 amyE ::pDR67-mtnXYZ  pEB112-mtnW WT mtnW
B. subtilis  168 amyE ::pDR67-mtnXYZ  pEB112-R. rubrum  RuBisCO WT RuBisCO
B. subtilis  168 mtnW ::pMUTIN4 amyE ::pDR67-mtnXYZ  pEB112-empty Mut empty
B. subtilis  168 mtnW ::pMUTIN4 amyE ::pDR67-mtnXYZ  pEB112-mtnW Mut mtnW
B. subtilis  168 mtnW ::pMUTIN4 amyE ::pDR67-mtnXYZ  pEB112-R. rubrum 
RuBisCO
Mut RuBisCO
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4.4. Conclusions 
This research investigated whether RuBisCO displays functional 
promiscuity (1) to catalyze the RLP-dependent conversion of DK-MTP 1-P to HK-
MTP 1-P.  This question was addressed both in vitro and in vivo.  The results are 
discussed below. 
When the R. rubrum RuBisCO was assayed with DK-MTP 1-P in 99.99% 
D2O, the broad triplet at 2.9 ppm indicating formation of HK-MTP 1-P was not 
observed, but I did observe a small doublet at 7.4 ppm also indicative of HK-MTP 
1-P.  The presence of a doublet at 3.8 ppm in both the R. rubrum RuBisCO 
sample and the no enzyme control suggested a possible side reaction.  
Investigation of the doublet at 3.8 ppm revealed the non-enzymatic conversion of 
DK-MTP 1-P to DK-MTP 1-P hydrate.  The structure of the DK-MTP 1-P hydrate 
was determined by 1H NMR and 13C NMR, while the presence of two hydroxyl 
groups at C2 was confirmed by 13C NMR via labeling with 18O water. 
My data show that DK-MTP 1-P exists in equilibrium with DK-MTP 1-P 
hydrate and HK-MTP 1-P.  When using the DK-MTP 1-P hydrate as the starting 
 
Figure 4.15 Growth curves of a B. subtilis RLP disrupted strain grown on MTA as a sole sulfur 
source.  WT empty (green circles), WT mtnW (purple diamonds), WT RuBisCO (blue triangles), 
Mut mtnW (brown triangles), Mut empty (red-orange squares), Mut RuBisCO (inverted orange 
triangles). 
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substrate, the kcat/KM for B. subtilis RLP was found to be 1.3 x 10
3 (±0.1 x 103) 
M-1 sec-1; no change in rate above the non-enzymatic reaction was observed for 
R. rubrum RuBisCO.  These findings demonstrate that R. rubrum RuBisCO 
cannot use DK-MTP 1-P as a substrate. 
R. rubrum RLP uses MTRu 1-P from the methionine salvage pathway as a 
substrate, and it seemed possible that R. rubrum RuBisCO could catalyze the 
same 1,3-isomerization reaction.  I assayed the protein using the 1H NMR 
procedure of Imker et al. and the UV/Vis coupled assay of Warlick et al. to 
identify promiscuous reactions. When assayed for the conversion of MTRu 1-P to 
1-MTXu 5-P, and 1-MTRu 5-P by 1H NMR or UV/Vis coupled assay, I did not 
observe any conversion of substrate to product using the R. rubrum RuBisCO. 
I insertionally disrupted the RLP in B. subtilis and then complemented that 
strain with mtnXYZ to address polar effects.  The RLP disrupted, mtnXYZ 
complemented strain was further complemented with empty vector, B. subtilis 
RLP, or R. rubrum RuBisCO to test in vivo whether the RuBisCO was 
promiscuous for the RLP reaction.  After double complementation, I observed a 
return to wild type growth for the B. subtilis RLP complemented strain using MTA 
as the sole sulfur source.  The R. rubrum RuBisCO complemented strain grew 
similarly to the RLP disrupted, empty vector complemented strain.  This data 
shows that R. rubrum RuBisCO does not complement a B. subtilis RLP disrupted 
strain. 
In summary, R. rubrum RuBisCO was believed to catalyze the 
YkrW/MtnW RLP “enolase”/tautomerazation reaction converting DK-MTP 1-P to 
HK-MTP 1-P.  Using 1H NMR and UV/Vis spectrophotometric assays, I 
demonstrated that R. rubrum RuBisCO does not convert DK-MTP 1-P to HK-
MTP 1-P faster than a previously unknown, non-enzymatic hydration of DK-MTP 
1-P at C2.   Also, using 1H NMR and a UV/Vis spectrophotometric coupled 
enzyme assay, I demonstrated that R. rubrum RuBisCO does not convert MTRu 
1-P to MTXu 5-P and MTRu 5-P as would be expected if it catalyzed the 1,3-
isomerization reaction of R. rubrum RLP.  Lastly, I found that RuBisCO could not 
function as an RLP in vivo because it could not complement a methionine 
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salvage pathway RLP disrupted strain.  When the in vitro and in vivo results are 
taken together and in the light of the non-enzymatic reaction discovered, the R. 
rubrum RuBisCO does not appear to be the functional link between the RLPs 
and the authentic RuBisCOs.   
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5. CONCLUSIONS 
5.1. Conclusions 
D-Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) 
catalyzes the conversion of D-ribulose 1,5-bisphosphate, CO2, and H2O to two 
molecules of 3-phosphoglycerate.  RuBisCO is the starting enzyme in the Calvin-
Benson-Bassham pathway for carbon assimilation in all terrestrial plants and 
some bacteria.  There are four families within the RuBisCO superfamily, three of 
them catalyze the canonical carboxylation reaction (type I-III) and the last is 
composed of novel functions (type IV).  The type IV RuBisCOs lack the ability to 
catalyze the carboxylation reaction and are referred to as “RuBisCO-like 
proteins” (RLPs).  Within the type IV RuBisCOs, there are six different 
subfamilies: Deep Ykr, YkrW/MtnW, Photo, Non-photo A, Non-photo B, and A. 
fulgidus RLPs.  To date, only the Deep Ykr and YkrW/MtnW RLPs have been 
functionally characterized.  The research presented here provides further details 
on the metabolic role for the Deep Ykr RLPs, identifies a possible function for the 
Photo RLPs, and dispels previous research suggesting the authentic RuBisCO 
can catalyze any of the known RLP reactions. 
Previous research showed that the Deep Ykr RLP from Rhodospirillum 
rubrum catalyzes the 1,3-isomerization of 5-methylthio-D-ribulose 1-phosphate 
(MTRu 1-P) to a mixture of 1-methylthio-D-xylulose 5-phosphate (MTXu 5-P) and 
1-methylthio-D-ribulose 5-phosphate (MTRu 5-P) (1).  I attempted to confirm this 
function with homologous enzyme from the Deep Ykr RLP family, but I was 
plagued by insolubility issues.  Next, I directed my attention to analyzing the 
genome context of the Deep Ykr RLPs to gain insight into the metabolic role of 
the 1,3-isomerization reaction.  Within this family there are two distinct genome 
contexts: a cupin containing context and a two-part transketolase containing 
context.  While I was not able to isolate the two-part transketolase, I was 
successful in identifying and characterizing the role of the cupin.  Adjacent to 
most Deep Ykr RLPs is a cupin that I have idenfitied as a MTXu 5-P 
methylsulfurylase that catalyzes the reductant dependent conversion of MTXu 5-
P to 1-deoxy-D-xylulose 5-phosphate (DXP).  Erb et al. have determined that the 
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Deep Ykr RLP and MTXu 5-P methylsulfurylase work in a pathway to move the 
carbon skeleton from the ribosyl moiety of 5’-methylthioadenosine into isopreniod 
biosynthesis (2).  In my characterization of the MTXu 5-P methylsulfurylase, I 
identified Cys121 as the active site residue responsible for oxidizing C1 of MTXu 
5-P to form a disulfide bond that is broken by an exogenous reductant to 
regenerate the active site thiol.  Lastly, I was able to use a novel UV/Vis coupled 
enzyme assay to determine the kinetics of the R. rubrum RLP.  my research on 
this family allowed us to return to the historically important RLP from 
Chlorobaculum tepidum and identify 1,3-isomerization of MTRu 1-P to generate a 
mixture of MTXu 5-P and MTRu 5-P. 
The first RLP discovered and investigated was from C. tepidum, but the 
function has remained elusive since its discovery in 2001.  Initial data suggested 
that C. tepidum RLP was involved in sulfur metabolism (3, 4).  The connection 
between RLPs and sulfur metabolism is very strong when one considers that the 
two known functions utilize molecules from the methionine salvage pathway, a 
pathway that recovers methionine from polyamine biosynthesis (to be discussed 
more below).  Previously, my lab determined that the C. tepidum RLP could 
abstract the C3 proton from MTRu 1-P.  With this lead, I investigated the 
observed activity by 1H NMR with different reaction temperatures and determined 
the final product to be a mixture of MTXu 5-P and MTRu 5-P.  If this activity is 
correct, then it represents the first example of convergent evolution in the RLPs.  
Site-directed mutagenesis of four C. tepidum active site residues did not provide 
any mechanistic clues, but demonstrated the importance of those residues for 
the mechanism because mutation resulted in a total loss of activity.  I attempted 
to determine the metabolic role of this enzyme by characterizing other enzymes 
in the genome context, but did not observe any activity.  The genome context 
does not have an obvious homolog to the MTXu 5-P methylsulfurylase of R. 
rubrum, so I are unsure if conversion to DXP is the ultimate fate of the reaction 
products. 
 Finally, this research clarified an important issue in the literature of R. 
rubrum RuBisCO’s ability to catalyze the known RLP reactions.  The first RLP to 
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be functionally and mechanistically characterized was from Bacillus subtilis and 
catalyzed the tautomerization of 2,3-diketo methylthiopentane 1-phosphate (DK-
MTP 1-P) to 2-hydroxy 3-keto methylthiopentene 1-phosphate (HK-MTP 1-P).  
This RLP exists as part of the methionine salvage pathway to recover methionine 
from the methylthiolated ribosyl moiety of 5’-methylthioadenosine.  Originally, 
Ashida et al. proposed that the R. rubrum RuBisCO could catalyze the reaction of 
the B. subtilis RLP and they provided evidence that the RuBisCO could 
complement a B. subtilis RLP disrupted strain to restore growth on MTA as a 
sole sulfur source (5).   
We saw this as an amazing opportunity to investigate the functional 
connection between the two different enzymes with the hope of determining the 
evolutionary origin of the RLPs.  In the course of my investigation, I discovered 
that DK-MTP 1-P exists in equilibrium with its C2 hydrate and HK-MTP 1-P.  
From those experiments, I was able to determine that the RuBisCO does not 
catalyze the B. subtilis RLP reaction above the non-enzymatic rate.  When 
RuBisCO was proposed to catalyze the B. subtilis RLP reaction, the R. rubrum 
RLP reaction was not known.  I assayed the RuBisCO for 1,3-isomerization 
activity and did not observe the formation of the mixture of MTXu 5-P and MTRu 
5-P by 1H NMR or UV/Vis analysis.  After my in vitro assays failed to show 
promiscuous activity, I repeated the RuBisCO complementation of a B. subtilis 
RLP disrupted strain grown on MTA as the sole sulfur source.  my results 
showed that the RuBisCO does not return the RLP disrupted strain to wild type 
growth.  From my data, I conclude that R. rubrum RuBisCO does not catalyze 
any known RLP reaction. 
The future directions for functional assignment in the RuBisCO 
superfamily beyond the families described above will now be discussed.  Of the 
six RLP families, only the Deep Ykr, YkrW/MtnW, and Photo RLPs have been 
investigated.  The remaining three (A. fulgidus, Non-photo A, and Non-photo B) 
completely lack published functional data.  Sequence analysis of the Non-photo 
A and B families suggests that they both retain the C5 phosphate binding site 
from RuBisCO and that the substrate is bisphosphorylated like in authentic 
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RuBisCO.  The A. fulgidus group is a recent discovery, even though the 
Archaeoglobus fulgidus RLP has been known for quite some time.  The 
appearance of a group of RLPs similar to A. fulgidus RLP portends that each 
RLP singleton can be indicative of a cluster of unknown sequences. 
 The research presented here is meant to illuminate on the functions of the 
RLPs, to better understand the reaction mechanisms and functional plasticity of 
the RuBisCO.  my lab is currently pioneering a multi-institutional, interdisciplinary 
approach that aims to predict metabolism from sequence information widely 
available in sequence databases through molecular modeling, bioinformatics, 
microbiology, and enzymology.  With the research presented here and the 
pioneering approach to functional annotation, the RuBisCO superfamily is ready 
to reveal new enzymatic functions and novel metabolic pathways.    
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